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Abstract 
 
High Impedance Surface – Electromagnetic Band Gap (HIS-EBG) structures are one 
class of Metamaterials with unique and useful electromagnetic properties. This thesis 
proposes the first application of EBG structures for Magnetic Resonance Imaging 
(MRI) applications, with the aim of improving effectiveness of coils in creating RF 
magnetic flux density inside the patient or a phantom. 
The anti-phase currents in the metallic ground planes placed underneath transmit RF 
coils for ultrahigh field MRI represent the main reason for the reduction in RF 
magnetic flux density above these coils (inside the load). In addition, they support the 
propagation of surface waves which radiate from edges and corners wasting power in 
the back hemisphere. 
The objective of this thesis is to investigate the potential of improving the efficiency 
of a well-established RF coil for 7 Tesla MRI by replacing the standard ground planes 
with specially designed EBG structures which exhibit novel electromagnetic 
properties: The reflection of such structures exhibits a frequency range over which an 
incident electromagnetic wave does not experience a phase reversal, and the image 
currents appear in-phase rather than out of phase as they do on the standard ground 
planes. Due to this, the EBG structure is termed an artificial magnetic conductor. 
Furthermore, it suppresses the propagation of surface waves. 
In this thesis, novel EBG structures are proposed and fabricated, and their 
electromagnetic properties are characterized analytically, numerically, and are 
validated by measurements. The RF coil backed by our proposed EBG ground planes 
exhibits improvement in the magnetic flux density inside phantoms compared to the 
case when it is backed by conventional ground planes of the same dimensions. 
A novel multilayer offset stacked polarization dependent EBG structure is designed to 
work as a soft surface with anisotropic surface impedance. The designed structure 
solves the problem of the limited space available in MRI magnet bores. The RF coil 
backed by the proposed soft surface exhibits stronger magnetic field inside the 
phantom, while the electric field and the specific energy absorption rate values are 
reduced.
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Chapter 1 
  
Introduction and Overview 
  
Objectives of the Thesis 
 
Transmit RF coils for ultrahigh field MRI based on loop or stripline concepts are 
usually placed above a conducting ground plane. These metallic reflectors create anti-
phase currents which cancel the radiation from the original coil current, and support 
surface waves which radiate at the edges and interfere destructively with coil space 
waves. Thus, the RF magnetic flux density above the coil (inside the load) is reduced. 
The aim of this thesis is to investigate possible improvements of the performance of a 
well-established RF coil by replacing the conventional metallic ground plane with a 
high impedance surface - electromagnetic bandgap HIS-EBG structures. The 
proposed artificial ground plane is designed so that it reflects electromagnetic waves 
with no phase reversal, and the currents on its surface appear in-phase. Furthermore, 
surface waves on the top surface of the EBG structure are suppressed. 
This thesis proposes the first application of EBG structures as ground planes for RF 
coils, in particular those operating at around 300 MHz for 7 Tesla MRI.  The unique 
band gap features of the proposed EBG structures are investigated analytically, 
numerically, and validated by measurements.  
The condition for a successful application of the EBG structure in MRI application is 
unique in that the cell dimensions are required to be far below the size of the RF coil, 
which in our case is 25% of the free-space wavelength. To reach this goal, different 
miniaturized techniques are studied and analyzed. 
  
Structure of the Thesis 
 
The second chapter of this thesis reviews the concepts and principles of Magnetic 
Resonance Imaging (MRI) and Radio Frequency (RF) coils. Different RF coils are 
presented and their near fields inside a phantom positioned above them are 
investigated. The objective in this chapter is to select the best coil that provides the 
highest magnetic flux density B1 and to use it with the proposed EBG structures in 
next chapters in order to further improve their performance. 
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2     1 Introduction and Overview  
In chapter 3, different circuit models are introduced to characterize and design EBG 
structures, including the effective medium model with lumped LC elements, and the 
transmission line model for surface wave and plane wave characterization. Analytical 
and numerical results are generated to describe the electromagnetic properties of EBG 
structures, namely, the in-phase reflection coefficient feature which leads to artificial 
magnetic conductor (AMC), and the stop band gap feature which describes the 
surface wave suppression. A parametric study of a mushroom-like EBG structure is 
presented, and the use of EBG structures for low profile wire antenna applications is 
investigated as an example of an advantageous application of EBG structures. 
In chapter 4, multilayer stacked EBG structures are analyzed and proposed as ground 
planes for MRI RF coils. The reflection coefficient phase at normal and oblique 
incidence is studied, and the dispersion diagram is used to determine the TE and TM 
surface wave suppression band gap. In this chapter, the first application of an EBG 
structure to improve the B1 efficiency of RF coils used for 7-Tesla MRI is introduced. 
The magnetic field inside a homogeneous phantom over a meander dipole RF coil 
when it is backed by a PEC or stacked EBG ground planes are investigated and 
compared. 
In chapter 5, different techniques are presented for the miniaturization of EBG 
structures. These include the high permeability Magneto-Dielectric sheets, the space 
filling curves which depend on the compactness of the EBG surface, and the 
polarization-dependent PDEBG structures. A four-leaf clover-shaped EBG structure 
based on elongating the path through which the currents pass is proposed to resonate 
at the MRI operating frequency with smaller unit cell dimensions. The magnetic over 
electric field ratio of a dipole RF coil backed by the PEC and the proposed EBG 
ground planes are compared, and the field of view (FOV) is investigated. In this 
chapter, some tuning techniques are introduced for the purpose of adjusting the band 
gaps of EBG structures. These include an adjustable air-gap layer with vias connected 
to the bottom surface of the EBG structure, and coaxial cables connected to the vias.  
In chapter 6, some anisotropic surface impedance, namely, the soft and hard surfaces 
are introduced and their surface impedances and reflection coefficients are studied 
and compared to those of a perfect electric conductor (PEC) and perfect magnetic 
conductor (PMC). A novel multilayer offset stacked polarization dependent EBG 
structure is designed with considerably reduced dimensions and fabricated to work as 
a soft surface. The stop band gap property of the proposed soft surface is numerically 
investigated and validated by measurements. The magnetic and electric field strengths 
inside the phantom of the RF coil when it is backed by the soft ground plane are 
investigated and compared to the case when it is backed by a PEC ground plane of the 
same size. 
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In chapter 7, the specific energy absorption rate (SAR) values inside the phantom are 
investigated and compared for the case when the meandered dipole RF coil is backed 
by a PEC and when it is backed by EBG ground planes. Two promising techniques 
are introduced to reduce the SAR values in the load. These include dielectric overlays 
mounted on the folded parts of the well-established dipole RF coil, and the novel soft 
surface-EBG structure which has been presented in the previous chapter. 
In Chapter 8, the most important conclusions of this thesis are summarized and some 
proposals are presented for future works. 
 
 
 Chapter 2  
 
RF Coil Design for MRI 
  
In this chapter, an introduction to the concepts and principles of Magnetic Resonance 
Imaging (MRI) and Radio Frequency (RF) coils is given. Different single elements 
RF coils that could be used for surface or volume MRI coils will be discussed and 
investigated. The objective here is to compare the near fields inside phantoms 
positioned at different distances from various RF coils without or with reflectors at 
different heights from the coils. These characterisations provide the ability to select 
the best coil, which provides the highest magnetic field. In the rest of the thesis, the 
selected RF coil will be used with the proposed high impedance surface - 
electromagnetic band gap (HIS-EBG) structures to maximize the strength of the 
magnetic field in order to further improve the imaging capabilities of MRI. 
 
2.1 Principles of Magnetic Resonance Imaging (MRI) 
 
Spins and Magnetizations 
 
Since its first implementation by Lauterbur [1], Magnetic Resonance Imaging (MRI) 
has become a non-invasive imaging technique that provides excellent soft tissue 
contrast with high resolution and no ionizing radiation. MRI is based on the 
phenomenon of Nuclear Magnetic Resonance (NMR), independently discovered by 
Bloch et al. [2] and Purcell et al. [3]. The NMR phenomenon is observed when a 
macroscopic sample of atomic nuclei in a static magnetic field is irradiated by an 
oscillating magnetic field of frequency ω that equals the frequency of precession, ω0 
[4]. Atomic nuclei are composites of protons and neutrons which themselves 
composites of fundamental particles possess a quantum mechanical property called 
spin. For simplicity one can think of protons and neutrons as spheres that rotate 
around their axes. Only nuclei with an odd number of protons and neutrons have a 
resulting spin. The spinning nuclei possess angular momentum, L, and charge and the 
motion of this charge gives rise to an associated magnetic moment, μ, such that [5]:  
 𝜇 = 𝛾𝐿�⃗
 
(2.1) 
where γ is the gyromagnetic ratio [MHz/Tesla] and depends on the nucleus. Hydrogen 
is the most prevalent element in the human body, because it is an elementary part of 
water and fat. The hydrogen nucleus 1H has more importance in MRI because it
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possesses the least complex nucleus, a single positively charged proton, and of all the 
elements gives the strongest magnetic resonance signal. For 1H the γ/2π has a value of 
42.58 MHz/Tesla.  
In field-free space, the total of all proton spins in a volume element are randomly 
oriented and their effects cancel each other, resulting in no effective moment. In the 
presence of static magnetic field B0, spin up and spin down are the two preferred spin 
orientations, parallel and anti-parallel to the magnetic field lines (parallel to z-axis), 
resulting in a small majority of excess spins magnets precessed around B0 with a 
magnetization effect 𝑀��⃗ . The frequency of this precession is called the Larmor 
frequency 𝜔0 = 𝛾 𝐵0, and the spin precession is a kind of movement similar to that of 
the spinning tops, where the spin moves in the shape of a cone in the direction of B0 
[6], as shown in Fig. 2.1. These up and down spin orientations are corresponding to 
two states of energy E+ and E-. The down spin has higher energy (E+), antiparallel 
state, than in the absence of B0 (E), and the up spin has lower energy (E-), parallel 
state, and the latter is preferred as more spins jump into the lower energy state than 
into the higher one. The ratio of parallel states to anti parallel states can be explained 
by Boltzmann distribution 
 kT
hB
e
N
N π
γ
2
0
=
+
−
 
(2.2) 
where kT is the Boltzmann energy with k being the Boltzmann constant,                       
k = 1.38 ∙ 10-23 WsK-1, h is Planck’s constant, h = 6.626 ∙ 10-34 Js, and B0 is the 
absolute value of the external magnetic flux density 𝐵�⃗ 0. This means, there are excess 
spins aligned parallel to the static magnetic field 𝐵�⃗ 0 resulting in a weak but 
measurable longitudinal equilibrium magnetization effect 𝑀��⃗ 0 which can be described 
for 1H with a given proton density ρ as: 
 
kT
BhM
4
0
22
0

 ργ
=  (2.3) 
 
Spin Excitation and Relaxation 
 
The longitudinal magnetization (z-axis) can be deflected from its state of equilibrium 
by applying an external, transverse RF field B1 with a rotational frequency that meets 
the resonance condition (i.e. the oscillating frequency of the RF pulse has to match the 
Larmor frequency of the spins). Thus, the magnetization vector is rotated from the z-
axis toward the xy-plane by an angle α, called the flip angle, as shown in Fig. 2.1. The 
stronger the energy of the exciting RF pulse, the farther the magnetization will flip or 
tilt. If a so-called “90° pulse” is applied, the magnetization vector will be rotated into 
the transverse x-y plane. 
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Figure 2.1: Spin precession and magnetization (a) Spin rotates around its axis and 
wobbles in the shape of a cone about B0, (b) Longitudinal and 
transverse components of a magnetization vector M  tilted due to B1 
field by an angle α, called flip angle. 
 
The notation of the B1-field is commonly split up into a portion that rotates clockwise 
along with the precession of the magnetic moment of the spin system ( +1B ) and a 
portion that rotates anti-clockwise ( −1B ) [7] 
 
2
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(2.4) 
Here B1,x and B1,y are the x and y complex components of the vector 𝐵�⃗ 1 of the local RF 
field. 𝐵1+ is referred to as the local transmit RF field, and 𝐵1− is referred to as the local 
received RF field. 
After the start of the externally applied excitation pulse has been transmitted, 
magnetization vector precesses around B0 with ω0, and acts like a rotating magnet. 
During the precession, the transverse magnetization relaxes because of nuclear 
interactions and nonuniformity of B0 [4]. From Faraday's law of induction it follows 
that the time-varying magnetization induces a voltage in a coil. This measurable 
voltage is the received MR signal, called free induction decay (FID), which decays 
exponentially over time due to relaxation. The stronger the applied B1 field, the 
stronger the transverse magnetization, and hence the stronger the MR signal. 
The spin relaxation is the process which restores the thermal equilibrium of the 
magnetic moment M0 (magnetization vector lies again in the direction of B0), and it is 
determined by two time constants T1 and T2. In the Bloch model [2], T1 is the spin-
lattice relaxation time which describes the recovery of the longitudinal magnetization 
Mz (parallel to B0) to its equilibrium state due to thermal perturbations. It indicates 
how quickly a spin ensemble in a certain type of tissue will be able to emit its excess 
energy to the environment [6]. According to [2], T2 is the spin-spin relaxation time, 
which describes the decay of the transverse Mxy component of the magnetization 
vector due to internuclear interactions. The spin-spin interaction describes the loss of
(a) (b) 
Z
MMz
Mxy
α 
B0
M
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phase coherence of spins as they interact with each other via their own oscillating 
magnetic fields. As a result, the precession of spins moves out of phase and the 
overall transverse magnetization is reduced [8]. After a 900 RF pulse and time 
constant T1, the longitudinal magnetization Mz recovers to approximately 63% of its 
final value, and after T2, the transversal magnetization Mxy decays to about 37%. 
Fortunately, the relaxation time is not the same everywhere, it is tissue-dependent, 
and this contributes to high levels of image contrast which enable one to clearly depict 
pathological tissues. 
For a more in-depth description of spin dynamics and quantum mechanics, the reader 
is referred to standard textbooks [9-10]. 
 
2.2 RF Coil Design and Characterization 
 
The radio frequency (RF) system consists of transmitter and receiver. The RF 
transmitter (Tx) generates a magnetic field B1 that rotates the magnetization of the 
spin away from the axis of the main static field B0 at an angle α, called flip angle, 
determined by the strength and pulse duration τ of the B1 field [8]. Thus, the 
transmitter path of the MR system delivers amplitude and phase-controlled RF pulses 
to one or more RF antennas, known by the MRI community as RF coils. Each RF coil 
broadcasts the RF signal to the patient and/or receives the return signal.  
In the receive system (Rx), the signal of the excited spin is picked up. An effective 
means to improve signal to noise ratio (SNR), without lengthening scan time, is 
selecting an appropriate RF coil to pick up the signals. At 7T MRI and due to 
technical limitations, each local coil include RF transmit and receive features [8]. 
When a current I flows through an RF coil, spatially dependent magnetic field ( )rB 

1  
is being generated, and can be represented by the law of Biot-Savart as follows: 
Here ld

is an infinitesimal element of the conductor and r is the displacement vector 
pointing from the conductor element to the point where the magnetic field is being 
computed, and 0µ  [NA
-2] is the magnetic permeability constant in vacuum. 
For maximum power transfer from the RF amplifier to the conductors of the RF coil, 
through coaxial cables, impedance matching is essential so that at the resonant 
frequency the conjugate impedance of the amplifier matches the transformed 
impedance of the coil. The total impedance of a coil Z combines a real quantity R, and 
a complex part, the reactance X. 
 ( ) ∫
×
= 3
0
1 4 r
rldIrB 


π
µ
 
 (2.5) 
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Figure 2.2: Equivalent-circuit model for a coil and a capacitive matching network 
consisting of two capacitors Ct and Cm to transform the coil impedance 
to the 50 Ω impedance of the RF amplifier. 
 
The resistance of the coil consists of the ohmic resistance, radiation resistance, and 
tissue losses, while the reactance of the coil can be inductive (𝜔𝐿) or capacitive          
- (𝜔𝐶)−1 and at the resonance frequency, 𝜔0 =  1 √𝐿𝐶⁄ , both reactances cancel each 
other out. The ability of reactances to transform impedances is used. A coil with total 
impedance 𝑍 =  𝑅 +  𝑗𝜔𝐿 can be transformed to the impedance of the RF amplifier, 
typically 50 ohm, through a capacitive matching network as shown in Fig. 2.2. In this 
network, two capacitors namely, the tuning parallel capacitor Ct and the matching 
series capacitor Cm are used. Ct is a capacitor connected in parallel with the coil to 
form a resonant circuit. It is tuned to have the same resonant frequency as the spins to 
be imaged. In practice, since the coil is connected to the RF power amplifier which 
will have an output impedance of 50 Ω, and the coil will have an input impedance of 
different order, then on transmission power will be reflected back. To overcome this, 
in combination with a reduction of Ct a second capacitor Cm is added in series with the 
coil, as shown in Fig. 2.2, to cancel-out the reactive impedance of the coil, so as to 
match the coil impedance to 50 Ω. 
In this chapter, three single RF coils, namely, surface loop antenna, microstrip line 
coil, and meander dipole coil are being introduced. The coils are designed to resonate 
at the MR system frequency, around 300 MHz, and a comparison between their fields 
strengths is taken into account. The objective is to select the coil that radiates the 
highest magnetic field, and to use it as a reference coil with the proposed 
electromagnetic band gap (EBG) ground planes, which will be described in the next 
chapters. 
 
2.2.1 Loop Coil 
 
In this RF coil, the single square loop antenna [11] geometry is designed using the 
CST Microwave Studio (CST-MWS) simulation software, with inner dimensions of 
30 mm x 30 mm, and conductors thickness of 0.5mm. The edges are chamfered, as 
shown in Fig. 2.3a, to reduce excess electric field. 
R
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Cs
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Cm 
Ct 
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Figure 2.3: (a) Square loop RF coil element with four discrete ports (b) The loop 
coil in the presence of a homogeneous phantom mounted on a Plexiglas 
placed 2 cm above the coil. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4: Matching and tuning network of a single loop coil element for 7T MRI 
with a series capacitor Cm of 3.5 pF and a tuning parallel capacitor Ct of 
around 5.42 pF and 3 equal lumped capacitors C1 of values around   
7.44 pF. 
 
The loop has four gaps of 5 mm, which are used for four discrete S-parameter ports; 
three of them would be replaced in the CST co-simulation with lumped elements to 
tune the coil to 300 MHz (7Tesla), or any other MR operating frequency. A 
homogenous phantom of size 310 mm by 160 mm and 90 mm thick is used to model a 
tissue liquid phantom of permittivity εr  = 45.3 and conductivity  σ = 0.87 S/m and 
mounted on 10 mm thickness Plexiglas of permittivity 2.6 and conductivity of 0.006 
[S/m] placed 20 mm above the coil as shown in Fig. 2.3b. Three of the discrete S-
parameter ports are modelled with lumped capacitors of equal values C1 to extend the 
coil length and tune the resonant frequency to the MR system frequency. 
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Figure 2.5: Return loss (S1,1) of a coil tuned to a resonant frequency of 300 MHz. 
 
These capacitor values are fixed around 7.44 pF for 300 MHz (7 Tesla). For optimum 
transformation of RF power from the amplifier through coaxial cables, a tuning and 
matching network is used as shown in Fig. 2.4, with a tuning parallel capacitor Ct = 
5.42 pF and a matching series capacitor Cm = 3.5 pF to match the loop to the 
impedance of the amplifier, 50 Ω. As seen from Fig. 2.5, the S1,1 parameter 
corresponding to the aforementioned capacitors in the tuning and matching network 
exhibits very good return loss minimum of -27 dB, indicating that the impedance of 
the coil is matched well to that of the amplifier. 
The longitudinal (z-axis) absolute magnetic field distribution 1 cm above the loop 
element or 1 cm below Plexiglas is shown in Figure 2.6a. The effects of the tissue 
conductivity and permittivity on the magnetic and electric field distribution 1 cm 
inside the phantom (or 4 cm above the coil) are shown in Fig. 2.6b and 2.6c 
respectively. Only the values in the captions of Fig. 2.6 are peak values, while the 
whole other Figures and measurements in the rest of this thesis are rms values. All 
fields’ values are normalized to the square root of the accepted power,�𝑃𝑎𝑐𝑐.  
Fig. 2.7a shows that the maximum magnetic field is found at the centre and then 
decreasing sharply along the edges of the phantom, thus more scanning time will be 
required when such a coil is used, and to maximize the field of view (FOV) an array 
of surface loop coils should be used. 
It is observed from Fig. 2.7b that the minimum electric field is obtained at the centre 
of the phantom and the maximum values obtained at a position in the phantom 
corresponding to the distance between the centre of the coil and its arms. 
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Figure 2.6: (a) Absolute magnetic field distribution 1 cm above the coil (b) 
Absolute magnetic field distribution 1 cm inside the phantom or 4 cm 
above the coil, (c) Absolute electric field distribution 1 cm inside the 
phantom or 4 cm above the coil. Peak field values are shown in the 
colored bar caption. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.7: (a) Longitudinal z-directed magnetic field distribution 1 cm inside the 
phantom, (b) Longitudinal electric field distribution 1 cm inside the 
phantom. 
 
2.2.2 The Microstrip line (MSL) Coil 
 
In this section, a MSL coil of quarter-wavelength (λ300MHz/4) size is used as shown in 
Fig. 2.8. The coil is supported by FR4 dielectric substrate of permittivity ɛr = 4.3,  and 
conductivity σ = 0.0205 [S/m], and of 100 mm x 250 mm size and backed by a 
perfect electric conductor (PEC) ground plane, as shown in Fig. 2.9 [11]. 
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Figure 2.8: A microstrip line element of a quarter wavelength size. 
 
 
 
 
 
 
 
 
Figure 2.9: Perspective view of the MRI transmit element unit designed by CST 
and showing the microstrip line coil printed over FR4 substrate and 
backed by a PEC ground plane at 20.7 mm from the coil, the Plexiglas 
and phantom are positioned 20 mm over the coil. 
 
The separation between the coil conductors and the ground plane is fixed to 20.7 mm, 
and the thickness of the small piece connecting the upper and lower side of the 
element and carrying an end capacitor is 1 mm, as shown in Fig. 2.9. The metallic 
ground plane is fixed to a size of 100 mm x 250 mm. A tissue liquid phantom of 45.3 
permittivity and 0.87 [S/m] conductivity and size of 310 mm x 160 mm x 90 mm is 
modeled in the simulation and mounted on 10 mm thickness Plexiglas of permittivity 
2.6 and conductivity of 0.006 [S/m] as shown in Fig. 2.9. A two port technique was 
used in the simulation to model the feeding network in order to obtain more accurate 
results for the field calculations inside the phantom. The feeding is connected to the 
dipole strips by two wires of 0.6 mm diameter and 20.7 mm length. 
The electrical schematic of the complete coil element including the tuning and 
matching capacitors as well as its modeling in the CST – MWS simulator are shown 
in Fig. 2.10 and Fig. 2.11 respectively.  Two equal end capacitors Cend = 3.3 pF 
connect the quarter-wavelength MSL coil to the ground plane and extend its length to 
half-wavelength, Thus, the resonance is shifted down to the system frequency for 7T 
MRI, around 300 MHz. The matching network consists of a series and two identical 
parallel capacitors Cm = 2.55 pF and Ct = 10.95 pF respectively. A coaxial cable is 
connected to the coil as shown in Fig. 2.11, and its specifications are recorded in 
Table 2.1. Within the specified parameters, an excellent matching is obtained, and the 
coil resonates at 298 MHz with very good return loss of -30 dB. 
15mm 
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Figure 2.10: Electrical schematic of the complete coil element [11]. 
 
 
 
 
 
 
 
 
               
 
Figure 2.11: The modeling of the tuning and matching network in the CST-MWS 
co-simulation: The end capacitors Cend adjusted to 3.28 pF, the 
parallel capacitors Ct = 11 pF, and the series capacitor Cm = 2.2 pF.  
 
Table 2.1: Characteristics of the transmission line in the matching network. 
 
   Transmission line 
Length 330 mm 
Relative permittivity 2.3 
Relative permeability 1 
Impedance 50 Ω 
Attenuation 0.478 dB/m 
Port 
1
Cend Cend
Coaxial 
Cable
Cm
Ct
Ct
≈ λ/2 
MSL coil 
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Figure 2.12: Measured and simulated absolute magnetic field [A/m] versus the 
longitudinal axis of the microstrip line 1 cm above the bottom of the 
phantom. The measured result taken from Erwin L. Hahn institute for 
MRI [11]. 
 
 
 
Figure 2.13: Measured and simulated absolute electric field [V/m] versus the 
longitudinal axis of the microstrip line 1 cm above the bottom of the 
phantom. The measured data taken from Erwin L. Hahn institute for 
MRI [11]. 
 
Figures 2.12 and 2.13 show the measured and simulated results for absolute magnetic 
field H [A/m] and absolute electric field E [V/m] values 1 cm inside the phantom or   
4 cm over the MSL coil. The results exhibit very good correspondence between the 
simulated and measured results. Accordingly, this result is used as a reference with 
the other coils to investigate the best coil that provides the highest magnetic field. 
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Figure 2.14: 3D view for the simulated magnetic field distribution 1 cm above the 
bottom of the phantom and 4 cm above the coil. 
 
 
 
Figure 2.15: 3D view for the simulated electric field distribution 1 cm above the 
bottom of the phantom and 4 cm above the coil. 
 
Similar setups will be used in the next chapters when the metallic ground plane is 
replaced with the proposed EBG structures. 
Figures 2.14 and 2.15 show the 3D view of the simulated magnetic H [A/m] and 
electric field E [V/m] distribution in a plane 1cm above the bottom of the phantom. It 
is clear that the maximum magnitude of magnetic and electric field is at the center and 
the distribution decreases as one goes away from the axis of the microstrip line. 
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2.2.2.1 Ground Plane and Phantom Positions Effects 
 
In this part, the effect of changing the position of the ground plane and the phantom 
with respect to the coil is investigated. First, the position of the ground plane is 
changed from 20.7 mm to 40.7 mm in steps of 10 mm, while the other parameters of 
the structure geometry are maintained, including a separation distance of 20 mm 
between the phantom and the coil. Fig. 2.16 shows that the magnetic and electric 
fields reduce with the increase in the separation distance between the coil and the 
ground plane, because less electromagnetic field will be reflected by the metallic 
ground plane. 
 
 
 
 
 
 
 
 
 
Figure 2.16: Longitudinal field distribution 1 cm inside the phantom at various 
separation distances between the RF coil and the metallic ground 
plane (a) Magnetic field, (b) Electric field. 
 
      
 
 
 
 
   
 
 
 
Figure 2.17: Vertical field distribution from the center-bottom to the center-top 
inside the phantom, and at various separation distances of the phantom 
from the RF coil (a) Magnetic field, (b) Electric field. 
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Similarly, when the distance between the phantom and the coil is increased from      
20 mm to 50 mm in steps of 10 mm, it is observed from Fig. 2.17 that the vertical 
magnetic and electric field distribution from the centre-bottom to the centre-top of the 
phantom is also reduced. The further the phantom from the coil the weaker the 
absorbed electromagnetic energy and hence the less is the magnetic field. This will 
affect the contrast and quality of images. 
Because of the standing wave effects at the top surface of the phantom, in the 
simulation environment, the difference between the magnetic and electric fields 
distribution at different distances between the coil and the phantom decreases at the 
top surface of the phantom. 
 
2.2.3 Meander Dipole Coil  
 
The resonant meandered dipole antenna proposed in [12, 13], and as shown in        
Fig. 2.18, is used at the Erwin L. Hahn Institute as RF coil for 7 Tesla MRI to 
maximize the magnetic field and reduce the coupling for multichannel RF coils. The 
coil is approximately half-wavelength dipole with more than half of the length of each 
arm folded in a meander to reduce the total length to λ300MHz/4, and to resonate at           
298 MHz. It is printed on FR4 epoxy substrate of 0.5 mm thickness and elevated 
above a 100 mm wide reflector plate. The entire height between the dipole and the 
PEC ground plane as well as the separation distance between the coil and the 
phantom, and the whole configuration are kept similar to that of the microstrip line 
coil described in section 2.2.2. To compare in a fair manner between the performance 
of this coil and the MSL coil, a phantom of the same dimensions and properties was 
utilized.  
 
6 mm
250 mm
 
 
Figure 2.18: Meander dipole coil with linear dimension of a quarter-wavelength.  
 
The magnitude of the magnetic and electric field strength inside the phantom when 
the meander dipole is used was investigated and compared with the results obtained in 
the case when the previous MSL coil element is used.  
15mm 65mm 
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Figure 2.19: The practical realization of the tuning and matching network showing 
the end capacitors Cend, the parallel capacitors Ct, and the series 
capacitor Cm.  
 
 
 
Figure 2.20: Return loss (S1,1) with a resonant frequency 298 MHz at -23 dB, the 
series and parallel capacitors of the matching network are 2.87 pF and 
9.4 pF respectively. 
 
Two capacitors Cend connect the end arms of the meander dipole coil and the ground 
plane to form a loop, and are adjusted to 2 pF to shift the resonance down to the MR 
system frequency 298 MHz. The matching network for this coil element is modelled 
in the CST co-simulation as in Fig. 2.11, and its practical realization is shown in Fig. 
2.19. The network consists of two capacitors connected in parallel with the coil Ct 
each of 9.4 pF, and a series capacitor Cm of 2.87 pF to match the impedance of the coil 
to the amplifier impedance, typically 50 Ω.  
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Figure 2.21: The simulated field distributions in a plane 1 cm above the bottom of 
the phantom and 4 cm above the meander dipole and MSL coils (a) 
Normalized magnetic field [A/m], and (b) Normalized electric field 
[V/m]. Fields are also normalized to the peak value. 
 
The aforementioned tuned capacitors values exhibit a resonant frequency of            
298 MHz, and an excellent matching with return loss value minimum -23 dB is 
observed, as shown in Fig. 2.20. 
Simulation results exhibit higher field distributions inside the phantom when the 
meander coil is used compared to the MSL coil, as shown in Fig. 2.21. The 
magnitudes of the magnetic and electric field are approximately doubled. In a plane   
1 cm above the bottom surface of the phantom and 4 cm above the meander coil, the 
maximum rms normalized (to an accepted power of 1 Watt) magnetic field was   
1.237 A/m compared to 0.625 A/m when the MSL coil is backed by the same ground 
plane and radiates to the same phantom at the same positions. 
Near field measurements were performed in our anechoic chamber and results 
exhibited advantages of this meander loop coil over the MSL coil [14-15]. Higher B1- 
flux levels, more concentrated spatial distribution, and lower E-field levels in air were 
recorded. Because of the folded arms, much lower mutual coupling levels were 
observed. These results make the meander dipole coil one of the most promising 
candidates for multichannel MRI RF coils. In the rest of this thesis, the meander RF 
coil is used as the reference coil comparing backing by a PEC versus EBG ground 
planes. 
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Chapter 3 
 
Characterization of EBG Structures 
 
This chapter focuses on the characterization and design of EBG structures based on 
various resonant circuit models. The effective medium model with lumped LC 
elements is introduced, and the transmission line model for surface waves as well as 
plane waves is also explained. The useful surface wave suppression band gap and the 
frequency region where the structure reflects the field in-phase are extracted 
analytically and numerically from the dispersion diagram and the reflection 
coefficient properties respectively. A parametric study of the proposed mushroom-like 
EBG structure is presented. A polarization-dependent EBG (PDEBG) structure based 
on offsetting the vias position is studied. The advantage of high impedance surfaces 
for low profile wire antenna is described and its utilization to improve the radiation 
efficiency is investigated. 
 
3.1 Introduction to EBG Structures 
 
The term “metamaterial” is used to describe composite materials with unique features 
and useful properties. Metamaterials are periodic material composites of metals and 
dielectrics and possess properties from the structures rather than compositions [16]. 
According to the electromagnetic properties of metamaterial, different terminologies 
are introduced in the literature, such as: double negative (DNG) materials, left-handed 
(LH) materials, negative refractive index (NRI) materials, magneto dielectric material, 
Soft and hard surfaces, high impedance surface (HIS), and artificial magnetic 
conductor (AMC). In the literature, also various terminologies are used based on the 
domain of the applications. These include filter design, frequency selective surfaces 
(FSS) [17], photonic crystals [18] and photonic band gaps (PBG) [19], etc. They are 
classified under the broad terminology of “Electromagnetic Band Gap (EBG)” 
structures [20]. In general, EBG structures are artificial periodic objects that prevent 
or assist the propagation of electromagnetic waves in a specified band of frequency 
[21]. 
EBG structures are broadly classified as metamaterial due to their unique band gap 
features and high impedance properties. They exhibit interesting properties, like the 
reflection coefficient phase, and the surface wave suppression band gap property. 
20 
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Figure 3.1: A corrugated metal slab with one-quarter-wavelength slot height to exhibit 
very high impedance at the top surface. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2: A mushroom-like EBG structure and its composition. 
 
These properties allow the reflection of fields in-phase and enable the design of low 
profile antennas [22], and improve the antennas performance [23]. These unique 
properties make the EBG structure a good candidate to work as a perfect magnetic 
reflector for RF coils in 7Tesla MRI instead of the PEC ground plane which suffers 
from the anti-phase currents. 
The high impedance surfaces - EBG structures can be understood by the principle of 
operation of corrugated surfaces [24], as shown in Fig. 3.1. A corrugated surface is a 
metal slab with narrow vertical slots such that many slots are present within one 
wavelength. The slots are represented as parallel transmission lines shorted at the 
bottom. When slots are one quarter-wavelength of height the short circuit is 
transformed into an open circuit at the top, thus very high surface impedance is 
exhibited at the top surface for electric fields polarized perpendicular to the grooves. 
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The high-impedance surfaces presented by Sievenpiper [16] can be considered as a 
kind of two-dimensional (2-D) textured surfaces that can be used to alter the 
electromagnetic properties of metal surfaces with much less than one-quarter-
wavelength thick, to perform a variety of functions. They are typically built as 
subwavelength mushroom-shaped metal protrusions on a flat metal sheet connected to 
a metal backed dielectric substrate by vertical metal-plated vias, as shown in Fig 3.2. 
These surfaces provide a high-impedance boundary condition for both polarizations 
and for all propagation directions [25]. They reflect the fields with no phase reversal, 
rather than out-of phase as with an electric conductor. In addition to their unusual 
reflection-phase properties, they do not support surface waves, as with an electric 
conductor. These surfaces may be considered as a kind of electromagnetic bandgap 
(EBG) structure [25]. 
In this chapter, a mushroom like EBG structure is designed to resonate around the 
MRI operating frequency. The proposed structure will be introduced to describe the 
unique electromagnetic properties of high impedance surfaces analytically (based on 
different circuit models) and numerically. The HFSS full wave simulator from Ansoft, 
based on FEM algorithm was used to design and characterize one unit cell of the EBG 
structure surrounded by periodic boundary conditions (PBCs) to model an infinite 
EBG structure.  
The proposed EBG structure is designed with the electrical dimensions shown in (3.1) 
to exhibit very high impedance at the top surface, so that the MRI operating frequency 
is located inside its useful reflection and surface wave suppression band gaps. Such 
structure is composed of four parts: a periodic metal patch printed on the top of a 
grounded dielectric slab, and vertical vias connecting the two metal sheets, as shown 
in Fig. 3.2. 
W = 0.097 λ300MHz, g = 0.001 λ300MHz, h = 0.014 λ300MHz, 𝜀𝑟 = 10.2, 
and r = 0.004 λ300MHz. 
(3.1) 
Here, λ300MHz is the free space wavelength at 300 MHz (roughly the operating 
frequency for 7Tesla MRI) which is used as a reference length, W is the patch width, 
g is the gap width, and h is the thickness of the dielectric substrate with relative 
permittivity ɛr.  
The main useful electromagnetic properties of EBG structures are the reflection 
coefficient phase and the suppression of surface waves. 
 
3.1.1 Surface Waves 
 
The properties of surface waves can be derived by solving for waves that are bound to 
a surface and decay exponentially away from a surface with impedance Zs and decay 
constant α [16], as shown in Fig. 3.3. 
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Figure 3.3: Wave amplitude of a wave bound to a high impedance surface and 
decays into the surrounding space [16]. 
 
For TM waves, the surface impedance is given as follows: 
  (3.2) 
For TE waves, the surface impedance is given by the expression: 
 
 
(3.3) 
Here, ω is the angular frequency of the wave, ɛ and µ are the permittivity and 
permeability of the space surrounding the surface. From (3.2) and (3.3) it is clear that 
TM waves occur on a surface with positive reactance, i.e. inductive surface 
impedance, and TE waves occur on a capacitive surface. 
For TM waves propagating on a metal sheet, the magnetic field is transverse to the 
surface, and the electric field arcs out of the surface, as shown in Fig. 3.4a. TE surface 
waves on a high impedance surface have dual form as shown in Fig. 3.4b.  
 
      
 
 
                 
Figure 3.4: (a) TM surface wave on a metallic surface, where electric field arcs out 
of the surface, (b) TE surface wave on high impedance surface [16].  
(a) 
(b) 
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Figure 3.5: Radiation pattern of a monopole on (a) a metal ground plane, with 
ripples and wasted power, (b) A high-impedance ground plane, with 
smoother radiation pattern, and less wasted power in the backward 
hemisphere. [16]. 
 
One property of lossy metals is that they support surface waves. These waves 
propagate and are bound to the interface between the metal and free space and radiate 
when scattered by bends or discontinuities. 
When a monopole antenna is placed near to a metallic reflector, as shown in Fig. 3.5a, 
the antenna will radiate plane waves into free space and generate currents propagating 
on the metal sheet in anti-phase to the antenna current. These currents radiate when 
they reach the edges and couple to the external plane waves [25], and cause a 
multipath interference seen as ripples in the forward direction of the antenna radiation 
pattern, and cause wasted power in the backward direction. 
Near the resonant frequency region of the high impedance surface, each row of metal 
patches has opposite charge, and the surface waves propagating along the EBG 
surface will be inhibited and form the standing waves, which results in the surface 
waves suppression band gap. Thus, a smoother radiation pattern with less wasted 
power in the backward hemisphere is observed, as shown in Fig. 3.5b.  
(a) 
(a) 
(b) 
(b) 
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The dispersion diagram which describes the stop bandgap through which surface 
waves are suppressed from propagation and the reflection phase property and its 
different useful band gaps can be obtained numerically as described below. 
 
Dispersion Diagram  
 
For an accurate representation of the surface wave property, some commercial 
numerical electromagnetic full wave simulators are used, like the HFSS from 
ANSYS, and the CST Microwave Studio. The simulators discretize the structure on a 
grid and solve numerically the equations which describe the EM fields at all points on 
the grid. In this part, the HFSS full wave simulator based on the finite element method 
(FEM) algorithm is used to design and characterize EBG structures by simulating one 
unit cell surrounded with four periodic boundary conditions (PBCs) [26] to model an 
infinite EBG structure. The dispersion relation between the wavenumber k and the 
frequency ω is plotted out and referred to as the dispersion diagram. 
For a periodic structure, such as the EBG surface, the field distribution of a surface 
wave is also periodic [27] with a phase delay determined by the wavenumber k and 
periodicity a, and expressed as follows: 
 ( ) ( ) nxjkxezyxEzynaxE −=+ ,,,,
 
(3.4) 
Here, n is an arbitrary integer number. The periodicity and the propagation direction 
of the waves are assumed in the x direction with a wavenumber kx. Each surface wave 
mode can be decomposed into an infinite series of space harmonic waves, as 
described below [21] 
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(3.5) 
In (3.5), the dispersion relation kx (ω) is periodic along the x axis with a periodicity of 
2π/a. Thus, the dispersion relation can be plotted within one single period, namely 0 ≤ 
kxn ≤ 2π/a, which is known as the Brillouin zone [28]. For two-dimensional periodic 
structures, the Brillouin zone becomes a two-dimensional square area, and can be 
represented as follows: 
 ,20
x
xn a
k π≤≤
 
,20
y
yn a
k π≤≤  (3.6) 
 
When the proposed high impedance surface described in (3.1) is used, the dispersion 
diagram is plotted as shown in Fig. 3.6b. The vertical axis represents the frequency 
and the horizontal axis represents the transverse wavenumbers values (kx, ky). Three 
specific points are: 
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Figure 3.6: 
 
(a) The unit cell brillouin zone, (b) The FEM simulation result for the 
dispersion diagram of the surface waves on the proposed mushroom-
like EBG structure. Additional higher order bands are seen that are not 
predicted by the simple effective surface impedance model. 
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The simulation identifies the allowed eigen-frequencies for specific wavenumbers 
along the irreducible brillouin zone as shown in Fig. 3.6a. From point Γ to X, kx 
increases from zero to 2π / (W+g) and ky is zero. From point X to M, kx is kept to 2π / 
(W+g) while ky increases from zero to 2π / (W+g). From M to Γ, kx and ky decrease 
from 2π / (W+g) to zero. Because of symmetry the same propagation constants exist 
for the other triangular parts in the square Brillouin zone.  
From Fig. 3.6b, the first mode is a TM and the second is a TE. The suppression band 
gap is the band gap through which the surface waves on the EBG structure are 
inhibited of propagation. This stop band gap is shown in Fig. 3.6b; it extends from the 
top of the TM band to the point where the TE band crosses the light line.  
It should be noted that the vias are responsible for these suppression band gaps. As the 
frequency increases, the wave attempts to move downward into the dielectric 
substrate. The more it interacts with the vias, the more it is slowed down till 
propagation is suppressed [16]. In the absence of vias the stop band gaps disappear.
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3.1.2 Reflection Phase 
 
In addition to the surface wave suppression property, high impedance surfaces (HISs) 
exhibit an unusual reflection phase property. In this interesting property, the image 
currents of an antenna on the EBG surface have the same direction as the antenna 
currents. This is achieved when the operating frequency of the antenna is located 
inside the useful frequency region corresponding to the in-phase reflection coefficient 
of the EBG structure. 
Fig. 3.7a shows an antenna printed over a flat metal sheet reflector. For a short 
distance between the radiating element and the metallic reflector, the antenna will 
appear short circuited to the ground plane and the radiation is reduced. This is caused 
by the destructive effect of the image currents on the metallic ground plane which has 
opposite direction to the currents in the antenna. A quarter-wavelength distance 
between the antenna and the ground plane is required to avoid the poor radiation 
efficiency, but this is not suitable for limited space applications. The EBG structure, 
as shown in Fig. 3.7b, is introduced as an artificial ground plane solution with an 
image current in-phase rather than out of phase with the antenna current. Thus, a 
constructive effect is realized and the problem above can be solved without the 
quarter-wavelength space. The reflection phase property of EBG structures can be 
used to maximize the reflected field above the surface, or to provide good return loss 
with very close proximity between the antenna and the artificial ground plane. 
 
 
 
 
 
 
 
 
 
Figure 3.7: (a) An antenna printed over a PEC ground plane with spacing << λ/4 
causes a destructive interference, (b) An antenna printed over EBG 
ground plane with spacing << λ/4 has a constructive reflection effect. 
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Figure 3.8: The numerical reflection coefficient phase of the proposed mushroom-
like EBG structure, showing two useful frequency regions 
corresponding to the quadratic reflection phase 90o ± 45o and the in-
phase reflection coefficient  ±90o. 
 
EBG structures exhibit a frequency dependent reflection coefficient phase varying 
between +180o to −180o compared to 180o  for the perfect electric conductor (PEC) 
and 0° for the perfect magnetic conductor (PMC), which is not available in nature. 
The reflection coefficient curve of the EBG structure based on the dimension 
described in (3.1) is shown in Fig. 3.8. There are two useful frequency regions 
corresponding to this reflection coefficient phase. The first frequency region is 
corresponding to the quadratic -phase reflection coefficient (90o ± 45o ), where the 
structure can be used to provide good return loss for low profile wire antenna 
applications [21]. The second frequency region is corresponding to the in-phase 
reflection coefficient (+90oto −90o ), where the EBG structure radiates in-phase 
rather than out of phase as in the PEC case and it has zero degree at the resonant 
frequency. Near the zero degree reflection phase, the tangential magnetic field is near 
to zero and the EBG structure exhibits very high surface impedance, and behaves like 
an artificial magnetic conductor (AMC).  
 
3.2 Resonant Circuit Models for EBG Ground Planes 
 
The operation mechanism and the unique features of EBG structures in this section 
can be analyzed by some circuit models, namely, lumped elements model, and 
periodic transmission line models, whiles more complicated frequency selective 
surfaces (FSS) can be characterized only by full wave numerical methods. 
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The mushroom-like EBG structure with the electrical dimensions in (3.1) is 
analytically characterized with different circuit models. These models include the 
effective medium model with lumped LC elements and the transmission line model 
for surface waves and plane waves. The analytical analysis for the predicted reflection 
phase and some features of the suppression band gaps of surface waves on the EBG 
surface in the context of the effective surface impedance models will be explained in 
this section. 
 
3.2.1 Effective Medium Model with Lumped LC Elements 
 
The use of the effective medium model with equivalent lumped LC elements to 
describe an EBG structure is valid as long as the periodicity (W+g) is much smaller 
than the operating wavelength [16]. This model is used for surface wave and plane 
wave reflection. For the square lattice mushroom-like EBG structure shown in Fig. 
3.9, the capacitor comes from the gap between the adjacent patches and its value C is 
given by the fringing capacitance between neighboring coplanar metal plates. The 
conducting paths through the vias and the ground plane provide a sheet inductance L 
[25]. The behavior of the EBG structure can be reduced to a parallel resonant circuit 
as shown in Fig. 3.9b. The structure can be modeled analytically by using the simple 
parallel LC resonant circuit. The impedance of this circuit is the surface impedance Zs 
and is given by: 
 
LC
LjZs 21 ω
ω
−
=  (3.10) 
with sheet capacitance C and sheet inductance L.                                                       
The resonance frequency of the circuit is calculated as follows: 
 
LC
1
0 =ω
 
(3.11) 
At low frequencies the surface is inductive and supports TM waves, and at high 
frequencies the surface becomes capacitive and supports TE waves, and near the 
resonance frequency ω0 the surface impedance (Zs) is much greater than the free space 
impedance. Near the resonant frequency region, TM waves form the standing waves 
in which each row of metal patches has opposite charge. TE waves are not bound to 
the surface; instead, they radiate readily into the surrounding space as leaky waves 
[29]. Therefore, there are no surface waves flowing along the EBG structure in this 
frequency region, and the surface-wave suppression bandgap established. 
The value of the capacitance C can be found using conformal mapping, a technique 
for determining two-dimensional electrostatic field distributions [16]. 
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Figure 3.9: (a) Origin of the capacitance and inductance in the effective LC model 
and, (b) Effective circuit used to model the surface impedance 
 
The solution starts from a pair of plates surrounded by 𝜀𝑟1 from one side (usually air) 
and 𝜀𝑟2 on the other and the edge capacitance between the two plates is given as 
follows: 
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π
εεε  (3.12) 
For lower frequency applications, three layers EBG structures can be used, as shown 
in Fig. 3.10. This design is used to achieve a lower resonant frequency for a given 
thickness by capacitive loading [25]. The capacitance here is given by the well-known 
formula for a parallel plate capacitor. A is the overlap area of the plates, ε is the 
dielectric constant of the insulating material, and d is the distance between the plates. 
 
d
AC ε=  (3.13) 
 
Capacitor
Layer 1
Layer 2
 
 
Figure 3.10:  Three-layer EBG structure. 
 
The sheet capacitance is determined by the product of the individual capacitors and a 
geometric factor F that depends on the choice of lattice. For a square lattice F = 1, for 
a triangular lattice 𝐹 = √3, and for a hexagonal grid of capacitors 𝐹 = 1 √3⁄  [25]. For 
more complicated geometries, a full wave simulator should be applied. 
In the effective medium model, a solenoid of current is used to model the current path 
in the high impedance surface, and to calculate its sheet inductance L [30]. The 
magnetic field through the solenoid is calculated by ampere’s law, and the inductor 
value is determined from the energy stored in its magnetic field.  
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Figure 3.11: The analytical result for the reflection coefficient phase of the 
proposed mushroom-like EBG structure in Eq. (3.1) based on the 
effective medium model. The proposed structure has a sheet 
capacitance of 16.161 pF and a sheet inductance of 17.593 nH.  
 
The inductance L depends on the substrate thickness h of the EBG structure and the 
permeability µ = µ0 µr, and can be expressed as follows: 
 𝐿 = 𝜇 ℎ (3.14) 
This effective surface impedance model summarizes the properties of EBG surfaces 
into a single parameter, the surface impedance Zs.  
Once the surface impedance Zs is known, the reflection coefficient phase for the 
effective medium model can be represented as follows: 
 η
η
+
−
=Γ
s
s
Z
Z  (3.15) 
Here, η represents the plane wave impedance in free space. Figure 3.11 shows the 
analytical result for the reflection coefficient phase of the mushroom-like EBG 
structure described by the electrical dimensions in (3.1). At very low frequencies, the 
reflection phase is π and the EBG structure behaves like a metal, at the resonance 
frequency the reflection phase crosses zero and the EBG structure behaves like a 
magnetic conductor, and at higher frequencies above the resonance the phase returns 
to −𝜋. When the surface impedance is greater than the impedance of free space the 
phase falls within π/2 and −𝜋/2. The shadow area in Fig. 3.11 represents the 
frequency range corresponding to this in-phase reflection coeffiecient. From the 
effective medium model, the dispersion relation is also calculated and some features 
of the surface wave suppression band gaps are determined. 
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Figure 3.12: The predicted analytical dispersion diagram for surface waves on the 
proposed EBG structure. The surface supports the TM waves below 
the resonant frequency and TE waves at higher frequencies and near 
the resonance surface waves are suppressed of propagation. 
 
The wavenumber, k, is related to the spatial decay constant α and the frequency ω by 
the dispersion relation as follows [25]: 
 2200
2 αωεµ +=k  (3.16) 
For TM waves, the equations (3.16) and (3.2) are combined and the wavenumber k is 
given as follows: 
 2
0
2
1
η
ω sz
c
k −=  (3. 17) 
Similarly, for TE waves, (3.16) and (3.3) are combined and the wavenumber k is 
given the following expression: 
 2
2
01
szc
k
ηω
−=  (3.18) 
Here, c is the speed of light in vacuum. By inserting (3.10) in (3.17) and (3.18), the 
dispersion diagram for the TM and TE surface waves based on the effective medium 
model can be calculated and plotted as shown in Fig. 3.12.  
Figure 3.12 shows that below the resonance, the TM surface waves are supported and 
at low frequencies they lie very near the light line, with slope equal to the speed of 
light c. This behavior of the curve indicates that the waves extend many wavelengths 
beyond the surface into the surrounding space, similar to the condition when a PEC is 
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used. Near the resonant frequency, the dispersion curve is bent over away from the 
light line indicating that the surface waves are tightly bound to the surface and have a 
very low group velocity. Above the resonant frequency, the surface is capacitive and 
TE waves are supported, and at high frequencies the curve bends away from the light 
line and the waves are more tightly bound to the surface [30].  
This model predicts some features of the stop band gap and the reflection phase 
properties of EBG structures. The static field approximation of the effective medium 
model limits its accuracy, because the field interaction between cells is not taken in 
consideration [31]. Furthermore, the effect of the radius of the vias is not taken into 
account, and the model is only useful for normal plane wave incidence. Thus, more 
accurate models are required to be used, as the transmission line model. 
 
3.2.2 Transmission Line Model for Surface Waves 
 
The theory of transmission line and periodic circuits are used to analyze and model 
surface waves that propagate in horizontal directions on the surface of 2-D EBG 
structures [32]. Figure 3.13a shows an EBG structure with square patches connected 
to the ground plane through vias. In this method, each of the reactively loaded 
resonators shown in Fig. 3.13a can be modeled by its equivalent circuit, as shown in 
Fig. 3.13b. The total impedance between two nodes of the periodic structure consists 
of the resonator impedance Zp and a capacitive reactance Xc represents the coupling 
capacitor between the adjacent resonators, with capacitance C represented as in 
(3.12). 
The vias in Fig. 3.13a represent the inductive reactance Xl, with an inductance value 
equal to [32]: 
 𝐿 = 2 ×  10−7 �In �4ℎ𝑑 � + 0.5 �𝑑ℎ� − 0.75�
 
(3.19) 
where h and d are the length and diameter of the conductive vias respectively. From 
transmission-line theory, the impedance of each resonator can be expressed as follows 
[33]: 
 
𝑍𝑝 = 𝑍𝑙 . 1 + 𝑗 𝑍0𝑍𝑙 tan(𝛽𝑢𝑙)1 + 𝑗 𝑍𝑙
𝑍0
tan(𝛽𝑢𝑙)                                                      (3.20)  
Here, Z0 is the characteristics impedance and βu is the phase constant of the unloaded 
transmission line, Zl is the loading impedance which transformed by a transmission 
line of length l into the impedance Zp at the input terminal. The transmission line is 
approximated by a microstrip line with the same line width and substrate properties as 
the mushroom-like EBG structure. 
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Figure 3.13: High impedance surfaces. (a) Array of square metal plates with 
shorting vias. (b) Equivalent circuit of each resonator section [32]. 
 
Once the resonator impedance Zp and the coupling capacitor Xc are known, the EBG 
structure in Fig. 3.13a can be represented as a transmission line periodically loaded 
with a lumped impedance Z consisting of the combination of Zp and Xc with a period 
a.  
The phase constant β can be represented for an infinite lossless periodic structure with 
a periodicity a as follows [32]: 
 
( ) ( ) ( )a
Z
Zjaa uu βββ sin2
coscos
0
+=
 
(3.22) 
The dispersion diagram of the periodic structure can be obtained by calculating the 
propagation constant at different frequencies. This method is applicable to analyze the 
propagation and suppression of surface wave, and it is not used for plane wave 
incidences. 
 
3.2.3 Transmission Line Model for Plane Waves 
 
In the effective medium model for the mushroom-like EBG structure proposed in 
[16], each unit cell is characterized by its quasistatic parameters, capacitance and 
L 
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inductance. Thus the strong field interconnection between the cells is not taken in 
consideration [31] and only roughly estimated from the parameters of individual cell. 
Another model for TM waves along the Sievenpiper structure was introduced in [34], 
and it is based on the TM modes analysis of Fakir's grounded bed-of-nails structure, 
which was presented in [35]. In [34] the distance between the patches and the ground 
plane was replaced by a transmission line filled by a dielectric, and the capacitive 
grids modeled by an equivalent capacitive reactance. 
A more accurate method based on the transmission line model was presented in [36, 
37]. In this model the mutual coupling between cells are taken into account and the 
model is valid for small unit cells compared to the wavelength (a ˂˂ λ) and narrow 
gap widths between the patches (g ˂˂ W). 
This model is used to characterize the reflection phase of the EBG structure at normal 
and oblique plane wave incidence. The model is used for TM and TE polarization (see 
Fig. 3.14) in the presence and absence of vias.  
In this loaded transmission line model, the EBG structure is decomposed into a 
frequency selective surface (FSS) with grid impedance Zg, and a metal backed 
dielectric slab with slab impedance Zd.  
 
 
 
Figure 3.14: TE and TM plane wave incidences on a mushroom-like EBG 
structure. 
 
 
 
Figure 3.15: Equivalent transmission line model for plane wave incidences [21]. 
Zs 
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In the presence of vias, the spacing medium between the FSS and the metallic ground 
plane is treated as a wire medium. In this model, as shown in Fig. 3.15, the total 
surface impedance Zs is found as a parallel combination of Zg and Zd: 
 
dg
dg
ZZ
ZZ
Z
+
=
 
(3.23) 
and the resonant frequency at which the structure works as an artificial magnetic 
conductor has to satisfy:  
 
 ( ) ( ) 000 =+ ωω dg XX  (3.24) 
where Xg and Xd are the imaginary parts of Zg and Zd respectively. 
 
3.2.3.1 Grid Impedance of an FSS 
 
In this approach the capacitive grid impedance of arrays of square patches for oblique 
incidence is modeled by using the analytical models of the inductive grid impedance 
for strip arrays and the Babinet principle. For TE-incidence fields, the grid impedance 
for thin parallel conducting strips of width g is given as follows [31]: 
 α
η
2
effTE
g jZ =
 
(3.25) 
and for TM-polarized fields 
where ηeff is the wave impedance of the effective uniform host medium with relative 
effective permittivity ɛeff, and α is the grid parameter and it expresses the inductive 
susceptibility of the wire grid. The wave impedance of the effective medium can be 
defined as follows: 
 
effeff
eff
ε
η
εε
µ
η 0
0
0 ==
 
(3.27) 
where µ0, ɛ0, and η0 are the permeability, permittivity, and wave impedance in free 
space. The effective permittivity of the equivalent uniform medium can be 
approximated as [38]: 
 
2
1+
= reff
ε
ε
 
(3.28) 
The grid parameter α can be represented as [31]: 
 θα
η 2cos
2
effTM
g jZ =
 
(3.26) 
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ππ
α
2log
 
(3.29) 
Here, keff is the wave number of the incident wave vector in the effective uniform 
medium and expressed as a function of the wave number in free space k0 and the 
effective permittivity: 
 effeff kk ε0=  (3.30) 
The grid impedance for the complementary structure, i.e. for the patch arrays, for the 
TE-polarized fields is obtained by applying Babinet transformation for strip arrays in 
TM fields [31] 
 
θα
ηη
2cos24 jZ
Z eff
stripsg
effTE
g ==
−  
(3.31) 
Similarly, the grid impedance for the complementary structure for TM-polarized 
fields is obtained though Babinet principle and the grid impedance for the strip arrays 
in TE fields 
 
α
η
j
Z effTMg 2
=
 
(3.32) 
The strip width w in (3.29) should be replaced by the gap width g and grid parameter 
α expresses the capacitive susceptibility of the patch grid. 
Therefore, the grid impedance Zg of an FSS depends on the polarization of the fields. 
Thus, for an array of square patches, the grid impedance at oblique incidence can be 
represented based on the above results for normal incidence (θ = 0) as [37]: 
  ( ) ( )0,, ωθω gTMg ZZ =  (3.33)
 
and the capacitive grid impedance at normal incidence is found as: 
 ( )
g
g Cj
Z
ω
ω
10, =
 
(3.34) 
By equating (3.34) and (3.32) and by simple substitution of (3.27) and (3.29) a new 
formula for the grid capacitance is found as follows: 
 ( )





+
=
g
aaC rg ππ
εε 2log
1 0
 
(3.35) 
The grid impedance Zg of an FSS depends also on the shape of the patches, and for 
non-squared geometry another grid impedance equation can be obtained. 
 
( )
( )
,
cos
0,
, 2 θ
ω
θω gTEg
Z
Z =
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3.2.3.2 Surface Impedance of a Metal-Backed Dielectric Slab  
 
For a metal backed dielectric substrate perforated by vias, the surface impedance of 
the slab Zd for TE-polarized fields is not affected by the presence or absence of the 
vias. The E-field is orthogonal to the vias, so the vias are not excited. Thus, the space 
between the patches and the ground plane can be considered as an isotropic medium 
slab, and the slab impedance at the top surface can be expressed as [31]: 
 ( )hkjZ dz
r
TE
d tan
sin 2
0
θε
η
−
=
 
(3.36) 
where 𝑘𝑑𝑧 = 𝜔�𝜇0𝜖0�𝜖𝑟 − 𝑠𝑖𝑛2𝜃 is the vertical component of the wave vector of 
the reflected wave. By simple mathematical manipulation and under the condition kdz 
h << 1, the slab impedance in the presence or absence of vias for the TE-incidence 
plane wave can be represented as follows: 
 ( ) hj
k
hk
jZ
dz
dzTE
d µωµω ≈=
tan
 
(3.37) 
The surface impedance of the EBG structure is the parallel combination of Zg and Zd 
for the TE-polarized incidence: 
 
θα
η
2cos21 kh
jkh
Z TEs −
=
 
(3.38) 
The reflection coefficient as a function of incidence angle of the TE polarized plane 
wave can be computed as:  
 
ηθ
ηθ
+
−
=Γ
cos
cos
TE
s
TE
sTE
Z
Z
 
(3.39) 
For TM incident fields, the effect of vertical vias is taken into account and the slab 
impedance Zd can be considered as the impedance of a thin layer of a wire medium. It 
is shown in [31] that at low frequencies the surface impedance of the wire medium is 
simply the same as that of a TEM transmission line of length equal to the layer 
thickness, and can be represented as follows: 
 ( )hkjZ d
r
TM
d tan
0
ε
η
=
 
(3.40) 
where the wave vector of the refracted wave 𝑘𝑑 = 𝜔�𝜇0𝜖0𝜖𝑟 and in the most 
interesting case kd h << 1, the slab impedance Zd for TM incidence fields is practically 
equal to that for TE incidence [39]: 
 hjZ TMd µω≈
 
(3.41) 
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For the TM polarization, the effect of the vias is seen in the fact that the slab surface 
impedance Zd does not depend on the incidence angle. The surface impedance of the 
whole EBG structure is the parallel combination of the slab impedance in (3.41) and 
the grid impedance in (3.33) and can be represented as follows: 
 
α
η
hk
hjkZ TMs 21−
=
 
(3.42) 
In the absence of the vias, the slab impedance Zd at TE incidence remains the same as 
in (3.41), while for the TM polarized fields it is strongly depends on the incident 
angle [39]: 
 θµω 2coshjZ TMd ≈
 
(3.43) 
The corresponding surface impedance of the EBG structure for TM incidence and in 
the absence of the vias is computed by the parallel combination of (3.43) and (3.33) 
and expressed as:  
 
θα
θη
2
2
cos21
cos
kh
jkhZ TMs −
=
 
(3.44) 
The reflection coefficient is then computed as: 
 
θη
θη
cos
cos
+
−
=Γ TM
s
TM
sTM
Z
Z
 
(3.45) 
The reflection phases for TE and TM polarized fields illuminating the surface at 
normal and oblique incidence can be analytically computed based on the 
aforementioned model and plotted for the proposed EBG structure as shown in Fig. 
3.16 and Fig. 3.17 respectively. For the TE-polarized fields, the reflection coefficient 
phase depends on the incidence angle. The larger the angle of incidence the higher is 
the resonance frequency. For TM polarized incidences, the model exhibited less angle 
dependence for the reflection coefficient phase as shown in Fig. 3.17. 
In this section, the analysis of the EBG structure properties based on the transmission 
line model and the Sievenpiper quasistatic model has been analytically investigated.  
It is found that the reflection phase obtained from these models coincide well with the 
numerical solution obtained from the FEM-full wave simulator HFSS (not shown 
here). For TE polarization at oblique incidence a slight shift is observed between the 
analytical and numerical results. 
More description of the reflection coefficient phase property for oblique incidence in 
the presence and absence of vias are numerically described in chapter 4. 
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Figure 3.16: The analytical reflection coefficient phase for TE-polarized plane 
waves illuminate the proposed EBG structure at normal and oblique 
incidence. 
 
 
 
Figure 3.17: The analytical reflection coefficient phase for TM-polarized plane 
waves illuminate the proposed EBG structure at normal and oblique 
incidence. 
 
3.3 Parametric Study of a Mushroom-Like EBG Structure  
 
The dimensions of the mushroom-like EBG structure shown in (3.1) are utilized to 
determine its electromagnetic properties. These properties are affected by four main 
parameters, namely, patch width W, gap width g, substrate thickness h, and relative 
permittivity εr.  
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Figure 3.18: The effect of the patch width W on the resonant frequency and 
bandwidth of the proposed EBG structure. 
 
In this section, plane waves illuminate the EBG surface at normal incidence, thus the 
vias are not exited and hence the radius of the vias has no effect. These four 
parameters and their effect on the EBG behavior are investigated. 
The FEM full wave simulator HFSS is used to simulate one unit cell of the proposed 
EBG structure surrounded by periodic boundary conditions (PBCs) to model an 
infinite periodic structure. Within the variation of each of these four parameters, the 
resonant frequencies corresponding to 0o reflection phase and the bandwidths 
corresponding to ±90o reflection phase are recorded and plotted. 
 
3.3.1 Square Patch Width Effect 
 
In this part, the role of the patch width in determining the resonant frequency and 
bandwidth of the proposed EBG structure is numerically analyzed. The width of the 
square patch is varied from 0.057 λ300MHz to 0.173 λ300MHz while the other parameters, 
namely the gap width, substrate thickness, and relative permittivity are kept constant. 
Figure 3.18 shows the observed resonant frequencies (corresponding to 0o reflection 
phase) and bandwidths (corresponding to ±90o reflection phase) of the proposed 
EBG structure for different patch widths. It is clear from the Figure that increasing the 
patch width decreases the resonant frequency and bandwidth.  
This behavior can also be analyzed from the lumped LC model. From (3.12) the 
increase in W increases the capacitance C which decreases the resonant frequency ω0 
as in (3.11) and this ends up with steep reflection coefficient phase, and hence a 
narrow bandwidth. 
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Figure 3.19: The effect of the gap width g on the resonant frequency and 
bandwidth of the proposed EBG structure. 
 
3.3.2 Gap Width Effect 
  
The gap width of each EBG unit cell determines the capacitive coupling effect with 
the other neighbor cells. Figure 3.19 shows the resonant frequency as well as the 
bandwidth as a function of the gap width of the proposed EBG structure. The gap 
width is changed from 0.0005 λ300MHz to 0.004 λ300MHz while the other parameters such 
as the patch width, substrate thickness, and the permittivity are kept constant as 
specified in (3.1). It is observed that the center frequency of the in-phase reflection 
coefficient and its corresponding bandwidth increases as the gap width between the 
patches of the EBG structure increases. 
The gap width has an opposite effect to the patch width. In the lumped LC model, the 
increase in the gap width decreases the capacitance C. Thus, the resonant frequency 
increases and the slope of the reflection coefficient phase becomes flat, and the 
bandwidth is wider. 
 
3.3.3 Substrate Thickness Effect 
 
The effect of changing the substrate thickness h on the resonant frequency and 
bandwidth of the EBG structure is investigated.  
The height of the proposed EBG surface above the ground plane is changed from 
0.006 λ300MHz to 0.022 λ300MHz while the other parameters are all maintained as in 
(3.1). As can be seen from Fig. 3.20, the increase in the height between the EBG 
surface and the ground plane has a positive effect in reducing the resonant frequency 
and increasing the bandwidth. 
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Figure 3.20: The effect of the substrate thickness h on the resonant frequency and 
bandwidth of the proposed EBG structure. 
 
 
 
Figure 3.21: The effect of the substrate permittivity εr on the resonant frequency 
and bandwidth of the proposed EBG structure. 
 
It is noticed that the substrate thickness of the EBG structure has an opposite effect to 
the patch and gap widths parameters, because here the bandwidth changes in the 
opposite way to the resonant frequency. 
This special property of the EBG structures can be described from the lumped LC 
model where the increase in h causes the inductance L to increase as in (3.14) while 
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the capacitance remains unchanged. Thus, the frequency decreases, and the bandwidth 
increases.  
 
3.3.4 Substrate Permittivity Effect 
 
The dielectric constant of the analyzed EBG structure is varied from 2 to 18 while the 
patch width, gap width, and substrate thickness are kept constant as in (3.1). It is 
found that the lower the relative permittivity of the EBG substrate the higher is the 
resonant frequency. It is observed that this increase in the resonant frequency is 
accompanied with more flat in-phase reflection coefficient. Thus, the bandwidth is 
also increased. The variation of resonant frequencies and bandwidths versus different 
dielectric constants is shown in Fig. 3.21. 
 
3.4 Polarization-Dependent EBG Structures 
 
Polarization-dependent PDEBG structures can be realized from asymmetrical surfaces 
like the rectangular EBG surface, or by incorporating slots into the metallic patches of 
the EBG structure. These will be seen in some applications to MRI in the next 
chapters. In this section, a PDEBG structure is realized by offsetting the vias, as 
shown in Fig. 3.22. 
The position of vias plays an important role in determining the resonance frequency. 
Figure 3.22 introduces an EBG design with the same dimensions as in (3.1). A single 
and double vias are offset at various distances from the edge of each patch. 
 
  
 
 
 
 
 
 
 
 
Figure 3.22: A polarization-dependent PDEBG design with offset vias along the y- 
axis (a) a single offset via, (b) double offset vias.  
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Figure 3.23: Reflection phases of a PDEBG structure with a single offset via 
spaced at different distances from the edge of each patch under y-
polarized incident wave. 
 
 
 
Figure 3.24: Reflection phases of a PDEBG structure with a pair of vias offset by a 
quarter of the patch width on each side under x and y- polarized 
incident wave. 
 
Figure 3.23 shows the y-polarized reflection phase for different vias positions. The 
vias are offset in the y-direction while it remains unchanged at the center for the x-
polarized wave. Thus, the reflection phase in the x-polarization doesn’t change, while 
the y-polarized reflection phase changes with the various positions of vias. This 
polarization-dependent design can be used as a technique for miniaturization of EBG 
structures. 
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As can be seen from Fig. 3.23, when the vias are at W / 2 from the edges of the 
patches (i.e at the center of patches) the x and y-polarized reflection phases are both 
represented by the solid curve. When the vias are shifted from the center of the 
patches a dual resonance behavior is observed in the y-polarized reflection coefficient 
phases. The closer the vias to the edge of the patches, the higher is the separation 
between the two frequencies. Whatever the shift in the vias position, the x-polarized 
reflection phases, which are not included in the figure, are all same as the solid line in 
Fig. 3.23, the case when the vias are at the center of the patches. 
To investigate more deeply the resonance feature of the EBG structure, two 
symmetric vias are placed at equal distances (W / 4) from the patch boundaries, as 
shown in Fig. 3.22b. The x-polarized reflection phase remains again unchanged while 
the y-polarized reflection phase, as shown in Fig. 3.24, exhibits a resonance behavior 
similar to the higher resonance band in the case when one offset via at the same 
position is used. This means that the resonance feature depends on the distance of the 
vias from the patch edges. The lower resonance in the case of a single via seems to be 
an asymmetric mode which is cancelled in the symmetric via configuration.  
 
3.5 Low Profile Wire Antennas over EBG ground plane 
 
One of the useful advantages of EBG structures is their ability to replace the 
conventional metallic ground plane in antenna applications where the overall height 
of the antenna structure is very small avoiding coupling effects with a nearby metallic 
ground plane. 
In [40], it was observed that the operation frequency band where the EBG surface has 
a quadratic reflection phase in the range of (90o ± 45o ) is very close to the input-
match frequency region. This region determines the frequency band where the EBG 
structure can be used for low profile wire antenna applications with efficient radiation 
patterns and good return loss.  
In [41] an EBG structure at low frequency is introduced with a unit cell dimension of 
140 mm and Teflon dielectric substrate of 40 mm thickness and 𝜀𝑟 = 2.2. In this 
section, a smaller EBG structure is presented for low profile wire antenna 
applications, and then compared with a perfect electric conductor (PEC) and perfect 
magnetic conductor (PMC) ground planes of the same size. 
 
3.5.1 Comparison of PEC, PMC, and EBG Ground Planes 
  
The geometry of a planar dipole near a perfect electric conductor (PEC), perfect 
magnetic conductor (PMC), and electromagnetic band gap structure (EBG) ground 
planes is illustrated as shown in Fig. 3.25.  
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(a)                                                        (b) 
 
Figure 3.25: Dipole antenna over (a) EBG ground plane and (b) PEC or PMC 
ground plane. 
 
The dipole length is 0.41 λ300MHz and its radius is 0.004 λ300MHz, while a finite ground 
plane size of 1.075 λ300MHz x 1.075 λ300MHz is used. The proposed EBG structure has 
the electrical dimensions shown in Eq. (3.1), and the free space wavelength at 300 
MHz (λ300MHz) is a physical reference for the antenna, EBG structure, the PEC and the 
PMC ground planes. 
The entire height from the dipole to the bottom metallic sheet of the EBG structure, 
the PMC, and the PEC is kept constant to 0.034 λ300MHz. The FDTD simulator Empire 
XCcel is used, and the planar dipole is spaced 0.02 λ300MHz over the top surface of the 
EBG structure. 
The return loss of the planar dipole over a PEC, PMC, and EBG ground planes is 
presented in Fig. 3.26.  
When the proposed EBG structure is used as a ground plane, the dipole exhibits very 
good return loss (S1,1) minimum of -30 dB at a frequency of 297MHz (MRI operating 
frequency) compared to -1.4 dB and -7dB when the dipole is printed over a PEC and a 
PMC of the same size respectively. Figure 3.26, shows that the high impedance 
surface of the EBG structure has an effect on the input impedance of the dipole. This 
is seen as a downward shift on the dipole resonant frequency. The PEC causes a 
smaller return-loss than the EBG structure because of the image current on the PEC 
which is in a reverse direction to the dipole current and has a destructive effect. For a 
PMC with 0o reflection phase, the return loss is -7 dB because the surface generates 
an in-phase image current to the source with strong mutual coupling due to its close 
distance. Thus, the input impedance of the dipole is altered from the free dipole match 
impedance. 
Figure 3.26 describes the story of successful usage of EBG structures for low profile 
wire antenna applications, where a horizontal dipole can be positioned at a height of a 
few percent of wavelength (here 2%) over the EBG surface to achieve a good return 
loss instead of about 25% in the case when the dipole is backed by a metallic ground 
plane. 
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Figure 3.26: FDTD simulated S1,1 over a PEC, PMC, and EBG ground planes. 
According to the -10 dB return-loss criterion, the bandwidth of the dipole in the 
presence of the EBG structure is approximately 7.5% compared to approximately 
10% of the dipole in free space. The real impedance of the dipole in resonant is 
lowered from approximately 73 Ω in free space to 50 Ω when the EBG structure is 
used. Table 3.1 shows a comparison between PEC, PMC, and EBG ground planes of 
the same size when the same dipole is printed over them and positioned at the same 
height. 
Figure 3.27 presents the radiation pattern of a 0.41 λ300MHz dipole over the proposed 
EBG structure showing the theta and phi directed field on the yz plane, i.e. at phi 
equal to 90o. In Fig. 3.27, the dipole radiates efficiently and exhibits a radiation 
pattern with directivity around 10 dB.   
Figure 3.28 shows the effect of changing the radius of the vias on the dipole radiation 
pattern. Although low profile wire antenna applications can be achieved in the 
absence of the EBG vias, but their presence play an important role on adjusting the 
stop band gap property of the EBG structure, which can further improve the antenna 
performance. 
 
Ground 
plane 
Resonant 
frequency 
Reflection 
phase 
Return        
loss 
Input 
Impedance 
PEC 350 MHz 180o -1.4 dB 3.5 Ω 
PMC 320 MHz 0o -7 dB 140 Ω 
EBG 297 MHz 180o to −180o -30 dB 50 Ω 
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Table 3.1: Comparison of a PEC, PMC, and EBG ground planes over close 
proximity of a dipole antenna    
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Figure 3.28 Radiation pattern of a 0.41 λ300MHz dipole over the proposed EBG 
structure at different radii. 
 
As can be seen from Fig. 3.28, when the radius of the vias increases, the forward 
radiation reduces and the backward radiation increases, indicating more wasted power 
in the backward direction. The higher the radius of the vias, the lower is the overall 
inductive reactance of the EBG structure. Thus, the resonance frequency is shifted 
away from the useful stop band gap of the EBG structure and the radiation is 
degraded. 
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Figure 3.27: Radiation pattern of a 0.41 λ300MHz dipole over the proposed EBG 
structure, showing the θ and φ directed field on the yz plane with 
directivity around 10 dB. 
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3.5.2 Operational Bandwidth Selection 
 
From the computational efficiency viewpoint, it is reported in [40] that the reflection 
property of an EBG structure can be used as a measure to identify the operational 
frequency band of a dipole antenna over a finite EBG structure. This frequency band 
is the range where the dipole antenna radiates efficiently and can properly be used for 
low profile wire antenna applications. In this work, the proposed mushroom-like EBG 
structure with the dimensions of (3.1) is used to verify this approach. A planar dipole 
is mounted in close proximity (λ300MHz /50) to the top surface of the proposed EBG 
structure and the return loss at different dipole lengths is simulated. The dipole is 
positioned in the center of a finite size structure of 1.078 λ300MHz x 1.078 λ300MHz. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.29 (a) Return loss of a planar dipole antenna with a length varying from 
0.44 λ300MHz to 0.38 λ300MHz, with useful operational frequency band 
(289-311) MHz. (b) Reflection phase of the proposed EBG structure 
with frequency region (283-308) MHz corresponding to the 90o ± 45o  
reflection phase.  
250 275 300 325 350
-180
-135
-90
-45
0
45
90
135
180
Frequency (MHz)
Re
fle
ct
ion
 p
ha
se
 (d
eg
re
es
)
250 275 300 325 350
-45
-40
-35
-30
-25
-20
-15
-10
-5
0
Frequency (MHz)
Re
tu
rn
 lo
ss
 (d
B)
 
 
0.40
0.38
0.39
0.41
0.42
0.44
0.43
(a) 
(b) 
 
 
51     3 Characterization of EBG Structures  
 
Figure 3.29a shows the return loss of a wire dipole antenna with its length varying 
from 0.44 λ300MHz to 0.38 λ300MHz. According to the S1,1 ˂ -10dB return loss criterion, 
the useful operational frequency band of the dipole model is seen from 289 MHz to 
311 MHz (7.33%).  
The question was, is it possible to avoid the high computational effort of the full 
model simulation and to estimate the operational frequency band of the dipole model 
from a reflection phase region of the plane wave model of the EBG structure. 
Figure 3.29b shows the reflection coefficient phase of the proposed EBG structure. It 
is observed that the frequency region (283 - 308) MHz which is corresponding to the 
quadratic phase (90o ± 45o) reflection coefficient is very close to the operational 
frequency band of a dipole model. Thus, quadrature reflection phase is very useful for 
a low profile wire antenna to obtain a good return loss. The reflection coefficient 
curve in Fig. 3.29b exhibits another frequency region that can satisfy good return loss 
for the dipole; this region is corresponding to the quadratic phase (−90o ±45o) reflection coefficient. 
In conclusion, Fig. 3.29 describes the consistency between the frequency band of the 
dipole model and the frequency band of the plane wave model that satisfy good return 
loss and efficient radiation for low profile wire antenna applications. 
 
Chapter 4 
 
Multilayer Stacked EBG Designs for MRI 
 
In this chapter two multilayer electromagnetic band gap (EBG) structures are 
investigated and proposed as a size-reduced solution for application in Magnetic 
Resonance systems operating at around 300 MHz. The proposed EBG structures are 
designed to exhibit very small deviation in the resonant frequency versus angle of 
incidence, and to improve the B1 efficiency of RF coils used for 7 Tesla Magnetic 
Resonance Imaging (MRI). The reflection coefficient phase at normal and oblique 
incidence is studied, and the dispersion diagram is used to determine the TE and TM 
surface wave suppression band gap. Two Stacked multilayer EBG structures with 
upper and lower layer of patches are designed. In the first design the lower layer of 
patches is vertically stacked with the boundaries of the upper layer, and in the second 
it is diagonally offset. Measurements are performed to validate that the operating 
frequency of the MRI RF coil is located inside the stop band gap of the proposed 
stacked EBG structure. The electric and magnetic field inside a homogeneous 
phantom of a meander dipole RF coil when it is backed by a PEC or stacked EBG 
ground planes are investigated. Parts of this work have been presented in [42, 43]. 
 
4.1 EBG Design with Vertically Stacked Layers of Patches 
 
In the literature [41, 44], EBG structures at low operating frequency were presented, 
but with either very large dimensions or complicated geometries, which are not 
feasible in practice. This work focuses on a multilayer stacked EBG structure with 
considerably reduced dimensions relative to the conventional mushroom-like EBG 
structure in [41] and the proposed structure in chapter 3. The structure is designed to 
be used instead of the PEC reflector of a meander RF dipole coil [12, 13] for 7 Tesla 
Magnetic Resonance tomography operating around 300 MHz. The aim is to improve 
the coil RF magnetic flux density (B1) by reflecting the field in-phase rather than out 
of phase as in the PEC case, and by suppressing the surface waves on the top surface 
of the reflector. In our MRI application, the EBG size is the most limiting factor, since 
the cell dimensions are required to be far below the size of the coil element which has 
a length of about 0.25 λ300MHz. 
52 
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4.1.1 Design Specifications 
The proposed stacked EBG structures can be analyzed and modeled for normal 
incidence by using the simple parallel LC resonant circuit [16, 30], as described in 
3.2.1.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1: 
 
Stacked EBG design with unit cells of two layers of patches sharing the 
same boundary.  
 
When a plane wave illuminates the proposed multilayer stacked EBG surface at 
oblique incidence, the phase of the reflected field varies with the incident angle and 
the polarization state. Numerical simulations are performed to describe the 
electromagnetic properties of the proposed structures for oblique incidence. 
In this section, a three layer (two arrays of patches and the ground plane layer) EBG 
structure is used, which consists of two arrays of metal patches stacked vertically and 
connected to a metal backed dielectric substrate by vertical metal-plated vias. The 
HFSS full wave simulator from Ansoft, based on the FEM algorithm is used, where a 
unit cell of stacked EBG structure is surrounded by four walls of periodic boundary 
conditions (PBCs) to model an infinite periodic structure. The geometry of the 
proposed stacked EBG design is shown in Fig. 4.1. 
This design has the advantage to provide more capacitive effect, because of the lower 
copper layer which provides more coupling between patches. Therefore it operates at 
lower frequency than the conventional double layer (single layer of patches and the 
ground plane layer) mushroom-like EBG structure proposed in chapter 3. 
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The electromagnetic properties of the EBG structures are characterized by the patch 
width W, gap width g, dielectric constant εr, substrate thickness h, and vias radius r 
with the following design data shown in (4.1): 
W = 0.072 λ300MHz, g = 0.001 λ300MHz, h = 0.014 λ300MHz, 𝜀𝑟 = 10.2, 
and r = 0.00173 λ300MHz. 
(4.1) 
Here, λ300MHz is the free-space wavelength at 300 MHz, which is used as a reference 
length to define the physical dimensions of the analyzed structure. The spacing 
between the two layers of patches in the proposed structure was chosen to be        
0.004 λ300MHz. The new proposed design with the lower layer of patches exhibits more 
than 25% reduction in the unit cell size dimension compared to the conventional EBG 
structure presented in chapter 3. 
 
4.1.2 Resonance Insensitivity of the Multilayer EBG Design 
 
In this part, the stacked EBG structure is designed so that the MRI operating 
frequency is located inside the frequency band where the reflection phase is in the 
range of 90o ± 45o, which is helpful for low profile antennas to achieve good return 
loss [40], as shown in Ch. 3.5. 
The sensitivity of the proposed stacked EBG structure is investigated by determining 
the deviation in the resonant frequency against different angles of plane wave 
incidence. Plane waves are illuminating the stacked EBG surface based on the 
dimensions in (4.1), and the transverse electric (TE) and transverse magnetic (TM) 
reflection coefficient phases for normal and oblique incidence in the presence and 
absence of vias are analyzed and presented as shown below. 
 
4.1.2.1 Reflection Phase for TE and TM Plane Waves in the Presence and   
            Absence of Vias 
 
For a TE-polarized plane wave obliquely illuminating the stacked EBG structure in 
the presence of vias, the resonance frequency increases with the increase of the 
incidence angle, as shown in Fig. 4.2a. The change in resonant frequency for the angle 
of incidence varying from 0O to 70O  is only about 3%, which represents a very high 
resonance insensitivity against oblique incidence for the proposed stacked EBG 
structure. In the absence of vias, exactly the same effect is exhibited, as shown in Fig. 
4.2b, because for TE-polarization the electric field is always parallel to the EBG 
surface and the vias are not excited. 
For a TM-polarized plane wave obliquely illuminating the same structure in the 
presence of vias, dual resonance behavior is observed. This phenomenon is also 
observed for the conventional mushroom-like EBG structure in [29, 40].  
 
                                                                                                                                        
55     4 Multilayer Stacked EBG Designs for MRI 
 
  
 
 
 
In Fig. 4.3a the first frequency band of the dual resonance behavior is lower than the 
in-phase frequency band at normal incidence, and is located inside the surface wave 
suppression band gap, while the second one is higher and outside the stop band gap, 
and the frequency separation between these two resonances increases as the incident 
angle increases. The presence of this dual resonance behavior is investigated in [29]. 
In this work, the first TM mode at the lower resonance frequency was investigated, 
and a cross coupling polarization mode was observed and electric field in the x and y 
directions seen at the top surface of the proposed structure.  
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Reflection phase characteristics of TE-polarized plane wave at oblique 
incidence on the proposed stacked EBG structure: (a) with vias; (b) 
without vias. 
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Figure 4.3: Reflection phase characteristics of TM-polarized plane wave at oblique 
incidence on the proposed stacked EBG structure: (a) dual resonant 
behavior in the presence of vias (b) single resonant behavior in the 
absence of vias. 
 
The excitation of this mode depends on the existence of the vias. When there are no 
conducting vias in the structure, the dual resonant behavior disappears and the 
resonant frequency corresponding to zero degree reflection phase increases with the 
incidence angle of the TM plane wave, as shown in Fig. 4.3b. 
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4.1.2.2 The Dispersion Diagram in the Presence and Absence of Vias 
 
The dispersion diagram in Fig. 4.4a shows a stop band gap between the first two 
modes (TM mode and TE mode respectively) which is obtained in the frequency 
range (286 MHz - 325 MHz). The proposed EBG structure is designed so that the 
frequency range of the stop band gap is very close to the frequency band where the 
structure shows a reflection phase in the range of 90o ± 45o.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Figure 4.4: 
 
Dispersion diagram of the proposed EBG structure: (a) when vias of 
radius 1.73 mm are used; (b) In the absence of vias, where no surface 
wave band gap is exist. 
 
The stop band gap property of the EBG structure was validated using an open air-
filled microstrip transmission line which is loaded by a finite 3x5 unit cells EBG 
structure, as will be discussed later in this chapter.  
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Figure 4.5  
 
FDTD simulation result of the transmission (S2,1) scattering coefficient                                              
of the proposed stacked EBG structure. 
 
The loaded microstrip with the proposed EBG structure was simulated using the 
FDTD Empire XCcel, and the transmission scattering coefficient S2,1 result is shown 
in Fig. 4.5. 
Figure 4.5 proofs that our MRI operating frequency is located inside the stop band 
gap through which the surface waves are suppressed and also inside the frequency 
range  (the shadow area) corresponding to that range of the quadratic phase reflection 
coefficient which is very helpful for low profile wire antenna applications to achieve 
good return loss. In the absence of vias, Fig. 4.5 shows that the stop band gap 
disappears in a similar manner as shown in Fig. 4.4b. 
 
4.2 Offset Layers Stacked EBG Design 
 
In this part of the thesis, our first application of an EBG structure [43] to improve the 
B1 efficiency of RF coils used for 7 Tesla Magnetic Resonance Imaging (MRI) is 
introduced. The proposed offset multilayer stacked EBG structure is used as high 
impedance surface behind an extended half-wavelength  meandered dipole, as shown 
in Fig. 4.6. It operates at about 300 MHz, the magnetic resonance frequency at 7Tesla. 
The novel approach presented in this work has the objective to increase the B1 
efficiency of a well-established RF coil [13] by replacing the PEC ground plane with 
an EBG structure. Therefore the anti-phase currents can be avoided and surface waves 
are suppressed and the magnetic flux density inside the load is increased.  
The condition for a successful application of the EBG structure in MRI is unique in 
that the cell dimensions are required to be far below the size of the meander dipole 
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coil, which in our case is 25% of the free-space wavelength. Thus, this section focuses 
on a multi-layer stacked EBG structure with a lateral cell size less than 7.7 % of 
lambda. The coupling capacitance available with this offset layers stacked design 
compared to the previous vertical stacked layers design enable us to reduce the 
thickness of the dielectric substrate from 14 mm to only 6.4 mm. 
 
4.2.1 Design Specifications 
 
When a plane wave illuminates a symmetric EBG unit cell at normal incidence, the 
reflection phase is independent of the polarization state, and can be used to define the 
band-gap feature [16]. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6  
 
Offset layers stacked EBG design, with a layer of patches diagonally 
offset from the upper one. A meandered dipole sits 2 cm above the top 
surface of the proposed EBG structure.  
 
The structure can be modeled analytically by using the simple parallel LC resonant 
circuit, described in 3.2.1. 
In the present design, a stacked EBG structure is used, which consists of two arrays of 
metal patches with a diagonal offset from each other. The top layer is connected to the 
metal backing of the dielectric substrate by vertical metal-plated vias, while the lower 
one is floating. The HFSS full wave simulator, based on the FEM algorithm with 
periodic boundary conditions (PBCs) is used to design and characterize one unit cell 
of the EBG structure, and the FDTD simulator EMPIRE XCcel is used to analyze the 
finite EBG structure. The geometry of the proposed finite offset layers stacked EBG 
structure together with the meander dipole coil above the analyzed structure is shown 
in Fig 4.6.  
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The physical dimensions of the proposed EBG structure are initialized as in (4.2): 
W = 0.07475 λ300MHz, g = 0.002 λ300MHz, h1=h2 = 0.032 λ300MHz, 𝜀𝑟 = 10.9, 
and r = 0.003 λ300MHz. 
(4.2) 
The dimensions were chosen with the availability of dielectric laminates in mind. 
Arlon (Arlon corp. of USA) substrates with overall height h = 6.4 mm are assumed. 
The spacing between the two layers of patches was chosen to be 0.0032 λ300MHz due to 
the availability of laminates of 3.2 mm thickness. During fabrication of this structure 
a thin dielectric film of permittivity 4.4 and 0.2 mm thickness was used to join the two 
Arlon substrates together. This layer is also modelled in the simulation. 
A resonant meandered dipole is used as RF-transmit coil in 7 Tesla MRI (with 
extended folded arms to resonate at 300 MHz), etched on FR4 epoxy substrate of    
0.5 mm thickness and mounted above the EBG structure so that the total height of the 
configuration is 20 mm, same as the original coil construction including a PEC 
ground plane. 
 
4.2.2 Reflection Phase and Dispersion Diagram 
 
For a plane wave illuminating the proposed offset stacked EBG unit cell based on the 
dimensions given in (4.2) at normal incidence, the reflection coefficient phase is 
shown in the solid line of Fig. 4.7. The proposed structure is designed to resonate at 
the MRI system frequency (300 MHz). The resonant frequency is designed so that it 
is located inside the frequency band where the reflection phase is in the range of ±90O in order to reflect the fields in-phase rather than out of phase as in the PEC 
case. In this design, the EBG structure resonates corresponding to 0Oreflection phase 
and satisfies the artificial magnetic conductor (AMC) property.  
When the offset stacked EBG design is used with the dimensions of (4.1), the 
resonant frequency corresponding to zero degree reflection phase reduces to 204 
MHz. Thus, the offset layers stacked EBG design is capable to reduce the resonant 
frequency by 35% relative to the vertical stacked EBG design, because it provides 
more coupling between the adjacent patches. In contrast, if the lower layer of the EBG 
patches described in (4.2) is vertically stacked with the upper one, the resultant 
reflection coefficient phase exhibits that the resonance is up shifted in frequency by 
an amount reaching 65%, as shown in the dotted line in Fig. 4.7. 
Additionally to the reflection phase property, the proposed EBG structure can be 
characterized by its dispersion diagram, as shown in Fig. 4.8. This information 
includes the surface wave characteristics. 
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Figure 4.7 Reflection phase of the proposed offset and vertically stacked EBG 
structure based on the dimension in (4.2). 
 
 
 
Figure 4.8 Dispersion diagram of the proposed offset stacked EBG structure. 
 
The dispersion diagram in this work is calculated using the eigenmode solver of the 
FEM based algorithm HFSS simulator. It shows the frequency bands through which 
propagation of the surface waves are suppressed. A stop band gap between the first 
two modes (TM mode and TE mode respectively) is observed in the frequency range 
(275 MHz – 315 MHz), as shown in Fig. 4.8. It is ensured that our MRI operating 
frequency is located inside this stop band gap. 
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4.2.3 Measurement and Simulation Verification of the Stop Band Gap 
 
In order to validate the simulation result w.r.t. the stop band gap property of the EBG 
structure, a finite EBG structure was fabricated and inserted into an air-filled 
microstrip line test cell, which had been built in our laboratory for field probe 
calibration. The line is made of a brass sheet of 195 mm width which is supported at 
40 mm above the ground plane. The microstrip line is connected at both ends to a 
tapered section connecting to coaxial ports as shown in Fig. 4.9. Measurement of the 
microstrip line test cell without the inserted EBG structure exhibits a reflection 
coefficient at both ports below -18 dB across the 200 to 400 MHz band. 
A simulation of the insertion loss of the microstrip test cell loaded with the EBG 
structure was performed in order to allow comparison with measurement. However, 
during manufacture, the diameter of vias was accidentally changed from 6 mm to       
3 mm and this change was also introduced into the simulation.  
 
 
 
Figure 4.9 Experimental setup of the microstrip line test cell loaded by the finite 
EBG structure. 
 
The simulation uses the FDTD simulator-EMPIRE XCcel and assumes the full 
microstrip test cell loaded by the finite EBG structure applying the same dimensions 
of both microstrip line as well as EBG structure as used in the measurement. The 
measurement result is compared to the simulation in Fig. 4.10. It is seen that the 
simulated transmission (S2,1) coefficient exhibits a number of stop band resonances 
across the observed bandwidth and this is well supported by the measurement. Due to 
the reduced diameter of the vias (increased inductivity), the first stop band gap is 
found down shifted in frequency, no longer matching our MRI operating frequency. 
Yet, it is interesting to see that the FDTD simulation result is in an excellent 
agreement with the measured result. 
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Figure 4.10  
 
Measurement result and FDTD simulated transmission (S2,1) coefficient 
of the proposed offset stacked EBG structure. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11 (a) EBG structure with vias diameter increased to 6 mm, (b) Measured 
transmission (S2,1) coefficient (dB). 
 
This correspondence between measurement and simulation results allows us to design 
the stop band gap of the EBG structures confidently and very accurately, as will be 
seen in chapter 6. 
The vias diameters of the proposed EBG structure were increased, by drilling, to the 
previous designed value in (4.2), as shown in Fig. 4.11a. The transmission coefficient 
result was measured again using the microstrip line method.  
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Figure 4.12 EBG structure with two layers of patches and vias.  
 
 
 
Figure 4.13: FDTD result of the transmission (S2,1) coefficient showing that the 
existence of a second layer of vias reduces the overall inductance and 
shifts the resonance up in frequency. 
 
It is observed as shown in Fig. 4.11b, that the resonance is up shifted in frequency to 
the MRI operating frequency of 300 MHz. Thus, the resonant frequency increases 
when the diameters of the vias are increased. The thicker the radius of the vias is, the 
smaller is the inductance and hence the higher is the resonant frequency, as can 
analyzed from the resonant frequency equation (3.11) of parallel LC resonant circuits. 
The effect of adding a new layer of vias to connect the lower layer of patches with the 
ground plane, as shown in Fig. 4.12, was also investigated. The FDTD simulation 
result shows that the resonant frequency of the new EBG structure increases when this
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layer of vias is added, as shown in Fig. 4.13. That means, adding the new layer of vias 
not only increases the complexity of the design but also reduces the overall inductance 
of the EBG structure. This is explained in the parallel LC resonant circuit of the EBG 
structure by another inductor connected in parallel with the inductor from the first 
layer of vias. 
 
4.2.4 Application to MRI: Meander Dipole over aOffset Stacked EBG Structure  
 
The performance of the original coil configuration based on a meandered dipole over 
a PEC ground plane is compared to the performance when it is over the proposed 
multilayer offset stacked EBG structure. The comparison is done by simulating the 
magnetic distribution inside a homogeneous phantom (length = 305 mm, width =   
154 mm, height = 100 mm, εr = 40, σ = 0.8 S/m) placed 2 cm above the coil. In order 
to compare in a fair manner, all values have been normalized to the square root of the 
accepted RF power.  
The distribution of the magnetic field inside the phantom and at different vertical 
distances in the y - axis (from the bottom-center to the top-center) is shown in Fig. 
4.14. As can be seen from Fig. 4.14, the maximum normalized magnetic field 
intensity in the presence of the proposed EBG structure is 2.266 A/m/√W while the 
value reduces to 1.538 A/m/√W  when a PEC ground plane of the same size (305 mm 
x 305 mm) is used. That means, the presence of the proposed EBG structure enhances 
the B1-field by about 47% compared to the PEC case.  
 
 
 
Figure 4.14 FDTD simulation result of absolute magnetic field inside the phantom 
along the vertical direction, from the bottom-center to the top- center of 
the phantom. y = 0 is at the bottom of the phantom. 
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It is clear from this longitudinal field distribution that the maximum normalized 
magnetic field at any height is always at the center, as it also is in the case of the coil 
over the PEC ground plane.  
The absolute normalized magnetic field intensity distribution in the longitudinal 
direction and at different distances inside the phantom is also investigated for the case 
when the coil is backed by the proposed EBG structure. Figure 4.15 shows that the 
longitudinal magnetic field distribution exhibits a symmetric variation with a peak in 
the centre, above the centre of the dipole; this is the same as in the case of the PEC 
ground plane. The associated field characteristic as we go up inside the phantom 
(along the vertical axis) exhibits the same lowering behavior as shown in Fig. 4.14. 
 
4.3 Conclusion 
 
A vertical and an offset multilayer stacked EBG structures are proposed to work at the 
MRI operating frequency of 300 MHz, with relatively small electrical dimensions 
compared to the conventional mushroom-like EBG structures. The reflection phase 
and surface wave suppression band gap properties of the proposed structures are 
investigated. The vertically stacked EBG structure exhibits very small deviation in the 
resonant frequency for angle of incidence varying from 0o −  70o (less than 3%), and 
exhibits a surface wave suppression band gap correlated to the quadrature reflection 
phase criterion 90o ± 45o.  When a TM-polarized plane wave obliquely illuminates 
the proposed structure, a dual resonant behavior is observed, with a lower in-phase 
frequency band located inside the realized stop band gap (286 MHz - 325 MHz).  
0 61 122 152.5 183 244 305
0
0.2
0.4
0.6
0.8
1
1.2
Longitudinal distance, Z (mm)
N
or
m
al
iz
ed
 | 
H
 |
 
 
20 mm
40 mm
60 mm
80 mm
100 mm
Figure 4.15: FDTD results of longitudinal normalized magnetic field at different 
heights inside the phantom (using EBG structure). 
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An offset multilayer stacked EBG structure is designed to work as an artificial 
magnetic conductor (AMC). The structure resonates at the MRI operating frequency 
corresponding to a zero degree phase reflection coefficient. Thus, the structure 
reflects the field in-phase rather than out of phase as in the PEC ground planes. The 
proposed structure is fabricated and its stop band gap is validated by measurements. 
These unique properties make the proposed EBG structure a good candidate for a 
ground plane in a 7 Tesla Magnetic Resonance (MR) coil providing good reflection 
and good suppression of surface waves on the ground plane. The proposed offset 
stacked EBG structure comprises of electrically small cells of only 7.7% of the free-
space wavelength and resonates lower than the vertically stacked EBG design by 
65%, when the same dimensions are used. The MRI meander dipole coil backed by 
our EBG structure is successful in exhibiting a stronger B1-field inside a phantom than 
the original design using a metallic conductor (PEC) ground plane for the coil. The 
quantitative improvement in B1 efficiency amounts to 47%. 
 
Chapter 5 
  
Miniaturization and Tuning of EBG Structures 
 
Miniaturization of EBG structures can be achieved by using different techniques. 
These include the use of more complex frequency selective surfaces FSSs, using EBG 
substrates with efficient properties, changing the symmetry of the EBG surface to 
change the polarization, and using extra components to the designed EBG structure. 
A considerable amount of literature has been published on miniaturization techniques 
based on the compact EBG design, including the space filling curves like Peano and 
Hilbert curves [45-50], where the electrical length is packed in a fixed available 
space. Any geometry that elongates the path through which the currents pass, like the 
slotted and spiral EBG designs [51, 52], is in general helpful for miniaturization. 
These complicated geometries focus on the compactness of the EBG surface to 
increase mainly the inductance, and resulting in a lower resonant frequency. 
Miniaturization can also be realized by employing closely coupling arrays of patches 
in a multilayer configuration, as described in chapter 4. Using some dielectric 
substrates which have efficient and abnormal properties, like the high permeability 
magneto-dielectric sheets [53] was found useful to shift the resonance down in 
frequency and to increase the bandwidth. Miniaturization is also achieved when 
polarization-dependent EBG structures are designed, by using asymmetric geometries 
such as rectangular shape of patches or offset vias [54]. 
Another technique of miniaturization is based on using extra components to the EBG 
structure, as the lumped elements and diodes [55]. Adding extra components to the 
EBG structure is usually a method used for tuning purposes. In this chapter some 
promising tuning techniques are also introduced which depend on connecting extra 
parts to the EBG structure to change its equivalent inductance and capacitance, and as 
a result shift its resonant frequency. These techniques include an adjustable air-gap 
layer with pins connected to the bottom surface of the EBG structure, and coaxial 
cables connected with the vias. 
In this chapter, the possibility to use a miniaturized and tuned EBG structure based on 
the aforementioned techniques or mix of them to satisfy the limited size and 
functionality requirements in MRI applications will be explained and numerically 
investigated. 
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5.1 Magneto-Dielectric Material 
 
Magneto-Dielectric materials have been used widely for miniaturizations of antennas 
and EBG structures [53]. These kinds of substrates have a permeability µr greater than 
one. It is known from [16] that the parallel LC resonant circuit has a bandwidth 
corresponding to the in-phase reflection bandwidth which is proportional to �𝐿 𝐶⁄ , 
and it has a resonance frequency proportional to  1/√𝐿𝐶. The magneto-dielectric 
material increases the inductance L of the EBG structure as the permeability µr 
increases, as can be seen from (3.14). Accordingly, the bandwidth increases and the 
resonance is shifted down in frequency. Miniaturization can also be achieved using 
dielectric materials with high dielectric constants, but according to (3.12) and the 
aforementioned relations, the reduction in the resonant frequency will be 
accompanied with a clear reduction in the bandwidth. 
Magneto-dielectric substrates have the advantage to miniaturize EBG structures; they 
allow us to shrink the patch size, decrease the substrate thickness, and to use EBG 
substrate of small relative permittivity. Depending on the value of the permeability, 
the aforementioned goals can be achieved with the required resonant frequency and 
higher bandwidth than the conventional dielectric substrates. 
The offset stacked EBG structure which was proposed in chapter 4 to resonate at 300 
MHz is used here as a reference EBG structure, it has the following unit cell 
dimensions: 
W = 0.07467 λ300MHz, g = 0.002 λ300MHz, h1 = h2 = 0.0032 λ300MHz,  𝜀𝑟 = 10.9, 
and r = 0.004 λ300MHz. 
(5.1) 
Here, λ300MHz is used as a reference length, W is the solid patch width, g is the gap 
width, h1 and h2 represent the thicknesses of the Arlon A-1000 substrates of 10.9 
relative dielectric constant. A 200 micron dielectric layer of permittivity 4.4 is 
inserted between the two aforementioned substrates to model the tape used to bond 
them together. 
In this section, an EBG structure with the same dimensions of the above reference 
EBG structure is used, and only the dielectric substrates are replaced with a magneto-
dielectric substrate of the same relative permittivity 𝜀𝑟 =  10.9 but with different 
relative permeability µr = 10.9. A comparison is taken between the reflection 
coefficient phase of the proposed EBG structure with the magneto-dielectric substrate 
and the reference EBG structure. 
As shown in Fig. 5.1a, the first resonant frequency of the reference EBG structure is 
reduced from 300 MHz to 91 MHz when the same unit cell dimensions and patch 
geometries are used now with magneto-dielectric substrate of µr = 10.9. 
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Figure 5.1: (a) Reflection coefficient phase of the reference EBG structure 
described in equation (5.1) with magneto-dielectric substrate of µr = 
10.9 (b) Reflection coefficients phase of the reference EBG structure 
and the proposed miniaturized EBG structure with magneto-dielectric 
material (MDM).  
 
It is observed in Fig. 5.1a that the first resonance is shifted down in frequency by 1/√𝜇𝑟 times of the corresponding resonant frequency of the reference EBG design. 
The bandwidth is obtained according to the ratio between the frequency range 
corresponding to the in-phase ( ±90o) reflection coefficient to the resonant frequency 
corresponding to the zero degree reflection phase 𝐵𝑊 = ∆𝑓 𝑓𝐻𝐼𝑆⁄ . The bandwidth 
increased from around 4% in the reference EBG design to more than 11% when 
magneto-dielectric material is used. 
The presence of magneto-dielectric material with µr > 1 provides the opportunity to 
miniaturize and shrink the unit cell dimensions of the reference EBG structure so that 
the resonance is up shifted in frequency to the magnetic resonance, 300 MHz. To 
achieve this goal, a magneto-dielectric EBG structure is designed with the following 
unit cell dimensions: 
W1 = 0.023 λ300MHz, W2 = 0.01825 λ300MHz, g = 0.002 λ300MHz, h = 0.0032λ300MHz,    
r = 0.0035 λ300MHz, ɛr = 10.9, and µr = 10.9. 
(5.2) 
Here h is the thickness of a proposed magneto-dielectric substrate with a relative 
permittivity of 10.9 and relative permeability of the same value. W1 is the upper patch 
width, W2 is the lower patch width, r is the radius of the via, ɛr and µr are the relative 
permittivity and relative permeability of the proposed magneto-dielectric substrate. 
Figure 5.1b shows the reflection coefficient phase of the reference EBG structure with 
dimensions reported in (5.1) and the reflection coefficient of the proposed Magneto-
dielectric EBG structure with dimensions shown in (5.2). Figure 5.1b shows the 
advantage of using this kind of substrates to miniaturize the unit cell dimension of the 
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reference EBG structure from around 7.7% of free space wavelength, to 2.3% only. 
The bandwidth is considerably increased to 35% due to the smaller width of the EBG 
patch. 
This technique is of great importance for low frequency applications where a compact 
resonant structure is achieved with high bandwidth. 
Unfortunately, the use of magneto-dielectric substrates for MRI applications seems 
impossible because of the ferrite material used in these substrates: It causes the 
structure to be attracted by the MRI magnet which yields properties due to the force 
of the static magnetic field and the B0-field produces a nonreciprocal µ-Tensor in the 
ferrite dependent on orientation. Lastly, the B0-field is corrupted by the magnetic 
material which degrades the image quality. 
 
5.2 Space Filling Curves 
  
A polarized symmetrical structure can be achieved by designing space-filling curves 
on the surface of a grounded substrate to resonate at a lower frequency in one 
polarization than the other. Space-filling curves are made from an electrically long 
wire compacted within a small footprint [45]. Different space filling curves have been 
introduced in the literature, such as the Peano [46] and Hilbert curves [47], which 
have been used to realize high-impedance ground planes [48] and for the design of 
small antennas [49, 50]. 
These curves inclusions are expressed in terms of iteration (order) numbers. The 1st, 
2nd, and 3rd order Peano and Hilbert curves are shown in Fig. 5.2. 
 
 
 
`
 
 
 
Figure 5.2: The 1st, 2nd, and 3rd order (a) Hilbert curves, and (b) Peano curves. 
(a) 
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Table 5.1:  Total length S for Peano and Hilbert curves with respect to iteration order   
                   number N. L is the linear side dimension of the curve. 
 
Peano Curve S=(32N-1)d d=L/(3N-1) 
Hilbert Curve S=(22N-1)d d=L/(2N-1) 
 
Table 5.1 illustrates the total length S of the Hilbert and Peano wires as a function of 
the iteration order number N for the same footprint size [56]. The advantage of these 
curves for elongating the wire length while maintaining the same footprint size (L x L) 
make them useful to design planar high impedance surfaces with long resonant 
wavelength and hence low resonant frequency. Figure 5.2 and Table 5.1 show that for 
a fixed order N and square unit cells of the same footprint the Peano curve has higher 
compression rate than the Hilbert curve. 
 
Design Parameters of Hilbert and Peano Curves 
 
In this part, the resonant frequency of various iteration orders of Peano and Hilbert 
curve elements were simulated using the FEM simulator HFSS with periodic 
boundary conditions (PBCs) surrounding each unit cell to model an infinite curve 
elements. A plane wave at normal incidence in free space with two different 
polarizations, i.e. Ex and Ey, was used to illuminate different unit cells of different  
orders, each contained within a footprint size (L x L) of 76.75 mm x 76.75 mm. The 
same unit cell dimensions of (5.1) are used. 
To compare in a fair manner, the dimensions of the refence EBG structure shown in 
equation (5.1) were used, but the solid patch has been replaced with space filling 
curve elements of different iteration orders N while the same footprint size has been 
maintained.  In this work, each curve element was modeled with a thin metallic strip 
of 2 mm width.  
Resonant frequency and bandwidth are defined as given in section 5.1. 
 
5.2.1 Resonances and Bandwidths of Hilbert Curves-EBG Structures 
 
In this section, the resonant frequency and bandwidth of EBG structures for different 
iteration order N Hilbert curves and at different polarizations are investigated. Figure 
5.3 shows the x and y-polarized reflection coefficients phase of an EBG structure 
based on the 1st iteration order Hilbert curve.  
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Figure 5.3: x and y-polarized reflection coefficients phase of the first order Hilbert 
curve EBG structure.  
  
The proposed Hilbert curve EBG structure has the same unit cell dimensions of our 
reference solid patch geometry offset stacked EBG structure [43], which is described 
in equation (5.1). The use of this curve element with the same footprint will increase 
the length of the wire and hence elongate the path through which the currents pass, 
mainly for the x-polarized case. Accordingly, the wire inductance and the coupling 
capacitance increase, and the resonant frequency decreases. 
As can be seen from Fig. 5.3, the resonant frequency for the x-directed polarization is 
lower than that for the y-directed polarization. This is mainly due to the symmetry of 
the Hilbert curve elements along the y-axis (see Fig. 5.1) while the wire appears to the 
current electrically longer with respect to the x- directed polarization compared to the 
y-directed case. 
Figure 5.4 illustrates the effect of increasing the order iteration number N on the 
resonant frequency. It is observed that the higher the order of the curve, the lower is 
the resonant frequency. Increasing the order N of the Hilbert curve element while 
maintaining the same footprint size leads to increase of the total length of the wire, 
which will further increase the wire inductance and coupling capacitance and hence 
decreases the resonant frequency. It is evident in Fig. 5.4 that this compactness in the 
resonant frequency is accompanied by a reduction in bandwidth, because the coupling 
capacitance between the compact wires and with the lower layer of patches have the 
dominant effect on the surface impedance of the parallel resonant circuit. Since the 
electrical path is seen longer by the current in the x-direction, therefore the resonant 
frequency in this direction is seen much lower than the resonant frequency in the y-
direction. 
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Figure 5.4: x and y-polarized resonant frequencies and bandwidths of EBG 
structures based on Hilbert curve inclusions of orders 1 to 3. 
 
 
 
 
The effect of shrinking the footprint size of the proposed Hilbert curve EBG 
structures to resonate at the MRI operating frequency is seen in Fig. 5.5. Miniaturized 
Hilbert curves of different iteration orders N are proposed such that their x-polarized 
in-phase reflection coefficients (of the lower resonances) are shifted up, and their 
resonant frequency reaches the MRI operating frequency. The normalized dimensions 
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Figure 5.5: Normalized side dimension and bandwidth of EBG structure based on 
Hilbert curve inclusions of orders 1 to 3. Normalization is with respect 
to the MRI resonant wavelength λRES in the x-polarized direction, and 
with respect to the y-polarized resonant wavelength. 
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of the footprint size to the resonant bandwidth (λRES) for the x-polarization (always 
adjusted to 𝜆 = 1) and y-polarization are shown in the upper part of Fig. 5.5, and their 
corresponding bandwidths are illustrated in the lower part. 
Fig. 5.5 shows that the normalized side dimension of the footprint decreases with 
increase of the order iteration number N, because smaller unit cell size is required 
with higher order inclusions, i.e. when longer wires are used. This result is 
accompanied as seen in the lower part of the figure by a reduction in the percentage 
bandwidth, because as expected the higher the order of the curve the lower is the 
bandwidth. It can be seen from the lower part of Fig. 5.5 that significant differences 
were observed between the percentages bandwidths for these miniaturized Hilbert 
curves and those proposed in Fig. 5.4 (more obvious for the y-directed polarization).  
The reason for such a result, and as described in (3.12), refers to the fact that the 
smaller the footprint size, the lower is the capacitance, and hence the higher is the 
bandwidth. 
 
5.2.2 Resonances and Bandwidths of Peano Curves-EBG Structures 
 
Peano curves of different order iteration numbers N are used to build a frequency 
selective surface FSS with the same dimensions in (5.1) to resonate at lower 
frequency than the reference solid patch geometry offset stacked EBG structure [43], 
as introduced in chapter 4. 
To evaluate the scattering properties of EBG structures based on Peano curve 
inclusions, the periodic FEM simulator HFSS is utilized. The Peano surface is 
illuminated at normal incident with a plane wave polarized in the x or y direction. The 
scattering properties are shown in the figures below. 
The same material and physical dimensions were used here as those proposed for 
EBG structures based on Hilbert curves. The upper part of Fig. 5.6 shows the resonant 
frequency of EBG structures based on Peano curves of order 1 and 2 polarized in the x 
and y-direction. The lower part of the figure presents their corresponding bandwidths.  
Figure 5.6 shows that the resonant frequency for the y-polarized direction is lower 
than the x-polarized direction, because the current sees the wire longer in the y-
direction than the x-direction. The figure also shows that the higher the order of the 
Peano curve the lower is the frequency and the lower is the corresponding bandwidth. 
A comparison with Hilbert curves reveals that Peano curves exhibit lower resonant 
frequency, because of the longer wire and hence more compactness of the proposed 
Peano inclusions when the same order and the same footprint size are used. The third 
order Peano curve is not included here, because its high compactness makes it 
difficult to correctly demonstrate the lower resonance.  
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Figure 5.6: x and y-polarized wave incidence resonant frequency and bandwidth of 
EBG structures based on Peano curve inclusions of orders 1 and 2. 
 
 
 
Figure 5.7: Normalized side dimension and bandwidth of EBG structures based on 
Peano curve inclusions of orders 1 and 2. Normalization is with respect 
to the MRI resonant wavelength λRES in the x-polarized direction, and 
with respect to the y-polarized resonant wavelength. 
 
Figure 5.7 shows the unit cell size dimension of the proposed Peano surfaces as a 
percentage of their corresponding resonant wavelength. This figure shows that the 1st 
and 2nd order Peano curves, for the y-polarized wave, require only a footprint size of 
50 mm and 30 mm respectively to shift up the resonant frequency to 300 MHz. 
In space filling curves, like Hilbert and Peano curves, a polarized symmetrical 
structure could be designed to resonate at a lower frequency in one polarization than 
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the other. Unfortunately, the lower resonant frequency is achieved with very low 
bandwidth which allows little tolerance in fabrication and makes the realistic 
fabrication of these structures a big challenge. 
 
5.3 Four-Leaf-Clover-Shaped EBG Structure 
  
This section presents a multilayer four-leaf-clover-shaped EBG structure as a high 
impedance surface behind a 7 Tesla MRI meander dipole coil, operating at 300 MHz. 
Our proposed EBG structure was presented in [57]. It has been characterized by its in-
phase band gap reflection coefficient, and the surface wave suppression band gap 
properties.  
The objective here is to investigate the magnetic over electric field ratio inside the 
phantom as a measure of the MRI meander dipole coil performance when it is backed 
by the proposed EBG structure and compare it with the results obtained when it is 
backed by a PEC ground plane. The longitudinal RF field of view (FOV) has also been 
investigated for different meander dipole coil lengths. 
 
5.3.1 Design Specifications 
 
In this section, a multilayer EBG structure with four-leaf-clover-shaped patches was 
used as a solution to shrink the size of EBG structures compared to our solid patch 
geometry offset stacked EBG structure [43], as introduced in chapter 4.  
The unit cell dimensions of the proposed EBG structure is shown in Fig. 5.8, with a 
lateral cell size of 7% of the free-space wavelength (λ300MHz) instead of 7.7% in our 
offset stacked EBG design [43], and less than one-half of the substrate thickness as 
used in our vertically stacked EBG design [42]. Our proposed EBG structure [57] 
follows a multilayer design encompassing two arrays of metal patches diagonally 
offset from each other. 
The top layer consists of slotted patches (four-leaf-clover) of 6.8% of λ300MHz, 
connected to the metal backed dielectric substrate by vertical vias. The lower layer 
consists of solid patches of 6% λ300MHz, and is floating. The FEM simulator HFSS and 
the FDTD simulator EMPIRE XCcel were used to analyze and characterize the 
proposed structure.  
The physical unit cell dimensions of the proposed EBG structure are described as 
follows 
W1 = 0.068 λ300MHz, W2 = 0.06 λ300MHz, g = 0.002 λ300MHz, t = 0.0064 λ300MHz,  
r = 0.0035 λ300MHz, a = 0.008 λ300MHz, and b = 0.02067 λ300MHz. 
(5.3) 
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Figure 5.8: The unit cell of the proposed EBG structure (a) Top view showing the 
Four-Leaf-Clover Shaped Patch (b) Side view. 
 
Here, λ300MHz is used as a reference length, W1 is the upper slotted patch width, W2 is 
the lower patch width, g is the gap width, a is the slot width, b is the slot length and h 
is the thickness of two Arlon AR-1000 substrates, with a relative dielectric constant of 
10.9. The spacing between the two layers of patches was chosen to be 0.0032 λ300MHz 
due to the availability of laminates of 3.2 mm thickness. This diagonally offset 
multilayer design provides more coupling between the adjacent patches compared to 
the vertically stacked design. The slots elongate the path through which the currents 
pass, so that the currents see the patch longer. Thus, the surface becomes more 
inductive compared to the offset stacked solid patch design. Therefore, the proposed 
EBG structure operates at a lower resonant frequency than the conventional 
mushroom-like EBG structure, as introduced in chapter 3, and the vertical as well as 
the offset stacked EBG structures, as introduced in chapter 4. 
 
5.3.2 Reflection Phase Property 
 
Figure 5.9 compares the reflection phase of the proposed EBG structure and our solid 
patches geometry offset stacked EBG structure described in chapter 4, when the same 
dimensions shown in (5.1) are used, i.e. both with the same patch width size (0.07467 
λ300MHz). The frequency corresponding to zero degree reflection phase of the proposed 
slotted EBG structure shifted the frequency down from 300 MHz to 275 MHz. This 
result is due to the slots in the new proposed upper EBG patches. The existence of 
these slots enabled us to miniaturize the patches width to 68 mm, as shown in (5.3), so 
that the frequency corresponding to zero degree reflection phase is shifted up to the 
MRI operating frequency of 300 MHz. Thus, the structure works as an artificial 
magnetic conductor. Within this geometry, 4 × 6 unit cells instead of 3 × 5 (60% more) 
could be used with the same substrate size (28 cm × 42 cm). For miniaturization 
purposes, only 4 × 4 unit cells have been used with a finite dimension of 28 cm ×       
28 cm. 
(a) (b) 
h 
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Figure 5.9: Reflection phase of the proposed slotted and the reference solid patch 
geometry offset stacked EBG structure with unit cell dimensions shown 
in (5.1). 
 
5.3.3 Stop Band Gap Property Using Direct Transmission Method 
 
In this section, the effects of the number of unit cells on the stop band gap property of 
the proposed EBG structure are investigated using the direct transmission method [58, 
59]. In this method, a two-port waveguide is formed by two electric walls (PEC) and 
two magnetic walls (PMC), as shown in Fig. 5.10. The unit cells are centered in the 
waveguide along the z-axis. The boundaries create a TEM waveguide with no cutoff 
frequency. The input wave is excited at port1 in free space and at normal incidence. 
The direction of propagation is from left to right. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.10: Simulation model of direct transmission method. 
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Figure 5.11: S2,1 parameter of the proposed EBG structure inserted in a TEM 
waveguide with various cell numbers in a row. 
 
Figure 5.11 shows the transmission coefficient of the proposed EBG structure for 
various numbers of cells in the longitudinal direction yielding a wider stop band for an 
increasing number of unit cells. The stop band gap shows the range of frequencies 
through which the propagation of surface waves on the top surface of the proposed 
EBG structure are suppressed. This figure also confirms that the MRI operating 
frequency is located within this stop band gap (determined by -10 dB criterion) for the 
different numbers of cells. 
As can be seen from Fig. 5.12, the time stepped animation over the entire phase cycle 
shows the attempts of the waves to propagate through the waveguide at frequencies 
inside and outside the designed stop band gap. 
The electric field distribution in Fig. 5.12a shows the unsuccessful propagation of 
surface waves at the MRI operating frequency, 300 MHz, which lies within the stop 
band gap. Due to the presence of the vias, the vertical electric field causes currents to 
flow through the vias and link the two surfaces together, and provides the impedance 
of a parallel resonant circuit. This forms the standing waves in which each row of 
metal patches has opposite charge or electric field, which results in the surface waves 
suppression band gap [29]. 
Figure 5.12b shows for a frequency outside this gap, here we take 200 MHz, the 
resonant behavior of the EBG structure is not excited, and energy can propagate in the 
waveguide from the left port to the right. Figure 5.12c shows the electric field 
distribution in the absence of the vias, where the surface waves propagate and the 
structure behaves like a metal backed dielectric slab. 
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Figure 5.12: Electric field distribution (a) at 300 MHz (inside the stop band gap),  
(b) at 200 MHz (outside the stop band gap), and (c) at 300 MHz in the 
absence of vias (no band gap). 
 
5.3.4 Application to MRI: Meander Dipole over Four-Leaf-Clover-Shaped EBG 
Structure 
 
The EMPIRE XCcel full wave simulator, based on the FDTD algorithm was used to 
characterize the proposed EBG structure with dipole and phantom load. The geometry 
of the EBG structure together with a resonant meander dipole printed on FR4 epoxy 
over the EBG structure and a phantom above the dipole is shown in Fig. 5.13. 4 x 4 
unit cells have been used in the simulation with a dimension of 28 cm x 28 cm, and 
the axis of the MRI meander dipole coil is positioned at the center longitudinal 
direction z-axis of the proposed EBG structure, as shown in Fig. 5.13.  
 
 
 
 
 
 
           
       
 
 
Figure 5.13: Four-leaf clover-shaped offset stacked EBG design with a meandered 
dipole coil and a phantom. 
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Figure 5.14: FDTD longitudinal (z-axis) distribution of magnetic over electric field 
ratio for meander dipole coil backed by the proposed EBG structure and 
a metallic ground plane of the same size. 
 
The magnetic and electric field strengths inside a homogeneous phantom are 
recorded, and the simulation results compared to the case when the meander dipole 
coil is backed by a PEC ground plane of the same size. 
  
The Ratio of Magnetic over Electric Field Inside the Phantom and Field of View 
(FOV) 
 
The performance of the original coil configuration based on a meander dipole coil over 
a PEC ground plane was compared to the performance of the design using the EBG 
structure as a ground plane. To compare both scenarios in a fair manner, the 
distribution of magnetic over electric field ratio is simulated 4 cm inside a 
homogeneous phantom (z = 30.5 cm, x = 15.4 cm, y = 10 cm, εr = 40, σ = 0.8 S/m) 
placed 2 cm above the coil. The entire height of the coil and the PEC or EBG structure 
is kept constant to 3.4 cm.  
As can be seen from Fig. 5.14, the 25 cm stripline coil backed by the proposed EBG 
structure exhibits a stronger |H|/|E| than the original design when the RF coil was 
backed by a PEC. The improvement is due to the increase in |H|. The maximal 
improvement in this ratio reaches to 57%.  
As shown in Fig. 5.14 and Fig. 5.15, the RF field of view is maximized when the 
dipole length is increased, from 25 cm to 35 cm. Thus the expensive scanner time in 
MRI could be minimized. 
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Figure 5.15: Magnetic field Hx distribution in air at 1 cm above (a) 35 cm RF dipole 
coil (b) 25 cm RF dipole coil. (FDTD simulation with EMPIRE). 
 
5.4 Tuning of EBG Structures 
 
Tuning the resonant frequency is one of the challenges of EBG structures to be used 
in MRI, because it is essential to adjust the narrow resonance of the structure to the 
MRI coil resonant frequency. Furthermore, after fabrication it is difficult to tune an 
EBG structure by changing its dimensions, and it is difficult to be employed as a 
ground plane for other antennas or coils with different resonant frequencies, unless a 
multi-resonant EBG structure is designed. The design of EBG structures for MRI 
application requires the use of multilayers dielectric substrates and/or some 
complicated geometries to shift the resonance down to the MR system frequency, 
typically 298 MHz. Thus, the EBG structure designed for this application has a 
narrow bandwidth, and due to the effect of lossy substrates, material and fabrication 
tolerances, and the mismatch, if any, between the measurement and simulation results, 
it is essential to use an efficient technique to tune the resonant frequency of the EBG 
structure to the desired frequency. 
To satisfy the aforementioned requirements, different methods have been proposed in 
the literature. The varactor diodes [55] can be used between the metallic patches to 
shift the resonant frequency, but the attendant biasing circuits to the non-magnetic 
diodes make the resultant EBG structure much more complicated than the 
conventional one. Furthermore, the RF pulse in MRI applications is of high power 
and the varactor diodes might be damaged. Another tuning technique is the method of 
micro-electro-mechanical system (MEMS) actuators [60] which particularly are used 
for EBG structures designed for high frequency applications. 
In this section, two tuning techniques are proposed. The first one is based on inserting 
a mechanical adjustable air-gap layer at the bottom surface of the EBG structure, in 
the same way as those proposed for the patch antennas [60 - 62]. The second proposed 
tuning method is based on the coaxial cables. In this technique, coaxial cables are 
               (a)                                                  (b) 
y 
x z 
y 
x z 
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connected to the vias to elongate the path through which the currents pass, and hence 
shift the resonant frequency. 
 
5.4.1 Tuning by Means of an Adjustable Air-Gap with Pins 
 
By introducing an air gap with conducting pins between the EBG dielectric substrate 
and the EBG metallic ground plane, the effective permittivity and the thickness will 
change. This can be used to tune the resonant frequency [64] in the way similar to 
those reported for the patch antennas with air gap [61 - 63].  
Figure 5.16 shows the EBG structure with the proposed air-gap and vias. The new 
configuration consists of two-layer substrates. The top layer is the EBG substrate of 
thickness hebg and dielectric constant ɛr, and the bottom layer is the air gap of 
thickness hair-gap. As shown in Fig. 5.16, the bottom part of the structure consists of 
conducting pins which are soldered to the metallic sheet ground plane, and an air gap 
surrounds the space between the ground plane and the bottom surface of the EBG 
substrate. The bottom pins have lower diameters than the upper vias, approximately 
equal to the inner diameters of the upper perforated vias. Thus, it is possible that the 
lower part can go into the upper part by adjusting the spacer thickness. 
This configuration in Fig. 5.16 can be modeled by a single substrate of thickness        
h = hebg + hair-gap with an equivalent effective permittivity ɛeff. 
A heuristic derivation of the effective permittivity of the two layer cavity of 
thicknesses h1 and h2 and with permittivity 𝜀1 and 𝜀2 can be obtained by considering 
the capacitance of a capacitor with two dielectric layers [65].  
Let A be the area of the capacitor. The capacitance of the upper layer is  
 
1
1
1 h
AC ε=
 
(5.4) 
Similarly the capacitance of the lower layer is 
 
2
2
2 h
AC ε=
 
(5.5) 
If C is the overall capacitance, then we have: 
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Figure 5.16: Geometry of the EBG structure with the proposed adjustable air-gap 
with pins tuning method. 
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Applying (5.8) to the geometry of Fig. 5.16 yields an effective permittivity given as 
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 (5.9) 
Here, for the air gap with pins tuning method 𝜀2 = 𝜀0 , 𝜀1 = 𝜀0𝜀𝑟, h1=hebg, and h2 = 
hair-gap.  
since 𝜀𝑟> 1, 
 0>< −gapaireff hwhenεε
 
(5.10) 
   0== aireff hwhenεε
 
(5.11) 
As reported in [63] and shown in (5.9), as the air gap width hair-gap increases, the 
effective permittivity ɛeff decreases and hence the resonant frequency ω0 increases. 
The difference between the proposed tuning technique here and the air-gap tuning 
technique which was proposed for patch antennas [63] is the presence of the 
conducting pins and vias. Thus, as the air gap width increases, the overall inductance 
of the structure will also increase, which in turns decreases the resonant frequency. 
Accordingly, when an adjustable air-gap tuning technique with conducting pins is 
used, the EBG structure can resonate down or up in frequency depending on the 
combination of the thickness and effective permittivity of the gap. The inductance, 
capacitance, and the resonant frequency of the EBG structure can be calculated 
according to one of the models described in chapter 3. 
It is worth mentioning that, although the increase in hair-gap increases the inductance L 
and the reduction in ɛeff when the air gap medium is inserted decreases the capacitance 
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C, both changes have the advantage to increase the bandwidth although they exhibit 
opposite effects on the resonant frequency. Thereby, the dominant effect determines 
the value of the resonant frequency. 
For demonstration in this section, the conventional mushroom-like EBG structure, 
presented in chapter 3, which has the following unit cell dimensions, is simulated  
W = 0.097 λ300MHz, g = 0.001 λ300MHz, hebg = 0.014 λ300MHz, εr = 10.2, and                  
r = 0.004 λ300MHz.
 
Underneath the EBG unit cell an adjustable air-gap with conducting pin is connected 
as the lower part of the unit cell. Periodic boundary conditions (PBCs) surround the 
four sides of the new unit cell to realize an infinite EBG structure with the tuning part. 
The simulation result in Fig. 5.17 shows that, for the proposed air-gap tuning 
technique, when hair-gap increases from 0 to 1 mm the decrease in ɛeff, and hence in the 
capacitance C, has a dominant effect over the increase in the inductance L. Thus, the 
resonant frequency increases above ω0 of the original EBG structure. When the air-
gap thickness increases greater than 1 mm, the overall inductance provided due to the 
increase in hair-gap becomes dominant over the reduction in the overall capacitance due 
to the decrease in ɛeff. When the thickness is 2 mm, as shown in Fig. 5.17, both effects 
cancel each other and any further increase in the air gap thickness will shift the 
resonance down in frequency. 
This mechanical adjustable air-gap tuning technique with vias has advantages over the 
electronic one. It is less complicated and can be used for EBG structures regardless 
the geometry of patches, and it is more economical especially for large number of 
cells. The disadvantage of this method is the difficult adjustment of the air gap height 
and the reliable contacting of the pins inside the vias. 
 
 
0 1 2 3 4 5 6
260
270
280
290
300
310
Air-gap thickness (mm)
R
es
on
an
t 
fr
eq
ue
nc
y 
(M
H
z)
 
 
Figure 5.17: The resonant frequency versus the air gap thickness. 
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5.4.2 Tuning by Means of Coaxial Cables 
 
A novel tuning method based on coaxial cables is introduced here for tuning the 
resonant frequency of EBG structures. In this method the coaxial cables are connected 
in such a way as to extend the vias lengths. Taking a circular cross-section of the 
cable, one would find a single center solid wire symmetrically surrounded by a 
braided wire, to make the coaxial cable flexible. Between the inner conductor and the 
outer is an insulating dielectric, as shown in Fig. 5.18. 
The idea in this tuning technique is based on elongating the path through which the 
current passes by extending the vias length which will increase the overall inductance 
of the EBG structure. 
In this method, the bottom sides of the vias are disconnected from the metallic ground 
plane of the EBG structure by circular cuts of diameters greater than the diameters of 
the vias, here greater by 2 mm, as shown in Fig. 5.19.  
ɛ1
d1 d3d2
 
 
Outer conductor
Inner conductor
Dielectric layer
Inner and outer conductors 
are short circuited
EBG patch
EBG substrate
EBG ground plane
EBG via
 
Figure 5.18: Coaxial cross-sections showing the inner conductor, the outer 
conductor, and a dielectric. 
Figure 5.19: EBG unit cell geometry with the proposed coaxial cable to tune the 
resonant frequency by changing the vias lengths. 
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The vias are reconnected again to the ground plane through the coaxial cables. The 
inner conductor of each coaxial cable is connected to the bottom side of the vias, and 
from the other end is short circuited to the coaxial outer conductor. Then, the coaxial 
outer conductor is reconnected to the ground plane, as shown in Fig. 5.19.  
For the lossless assumed coaxial cable the inductance per unit length can be 
calculated as follows 
𝐿′ = 𝜇02𝜋 𝑙𝑛 𝑑2𝑑1 (5.13) 
Here d1 is the outer diameter of the inner conductor, while d2 is the inner diameter of 
the metallic shield. A unit cell based on the geometry of the four-leave-clover-shaped 
EBG structure with the unit cell dimensions reported in (5.3) is used. In this tuning 
technique a lossless conductors and any dielectric can be used. The short circuit 
connection between the inner and outer conductors at the rear side of the coaxial cable 
results in a total inductive effect. The full wave FEM-simulator HFSS is used with 
periodic boundary conditions (PBCs) put on four sides of the new unit cell with the 
proposed coaxial cable to realize an infinite EBG structure with the tuning parts. 
It is worth mentioning that only when an oblique incident plane wave illuminates the 
EBG surface the vias will be excited. Thus, the current goes from the vias to the 
coaxial inner conductors, and because of the short circuited connection between the 
inner and outer conductors, the current is circulated again to the ground plane. This 
technique elongates the path through which the currents pass, from the vias to the 
ground plane, through the inner and outer conductors. Elongating the path of the 
current is actually similar to elongating the length of the vias; this will increase the 
total inductance of the EBG structure. 
Figure 5.20 shows the TM reflection coefficients phase of the EBG structure when 
coaxial cables of different lengths are connected to the vias. It is observed that the 
increase in the length of the coaxial cable will increase the overall inductance and 
hence will shift the resonance down in frequency. A dual resonant behavior is 
observed as shown in Fig. 5.20, with lower and higher resonances compared to the 
resonant frequency (≈ 300 MHz) of the original EBG structure, i.e. without the 
coaxial cables.  
The frequency separation between the upper and lower resonances for each reflection 
coefficient phase increases as the coaxial cable lengths increase. This can be seen in 
the divergence between the upper and lower resonant frequencies in Fig. 5.21.  
The frequency ranges corresponding to the lower in-phase reflection coefficients of 
the proposed EBG structure with coaxial cables of different lengths may be useful for 
miniaturization rather than tuning: As the length of the coaxial cable increases the 
resonant frequency becomes much smaller than the MRI operating frequency.
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That means, the substrate permittivity and the patch width of the EBG structure can 
be redesigned and reduced to shift the resonance up to the MR system frequency, and 
this will compensate the reduction in bandwidth. 
The frequency ranges corresponding to the upper in-phase reflection coefficients 
exhibit resonant frequencies higher but closer to the resonant frequency of the original 
EBG structure, i.e. without the coaxial cable. Therefore, these resonances could be 
useful for tuning. 
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Figure 5.20: Reflection coefficient phase of EBG structure with tuning coaxial 
cables of different lengths. 
Figure 5.21: Upper and lower resonant frequencies of four-leaf clover-shaped EBG 
structure with coaxial cables of different lengths. 
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It is clearly shown in Fig. 5.21, when the length of the coaxial cable increases, the 
upper resonant frequency will decrease till it becomes closer to the designed resonant 
frequency of the original EBG structure. This enables the upward-tuning for the 
resonant frequency of the EBG structure by successively cutting the cables. By using 
this tuning method, it is also possible to redesign an EBG structure such that after 
inserting the coaxial cables the upper resonant frequencies crosses the MRI resonant 
frequency. 
 
5.5 Conclusion 
 
In this chapter, different miniaturization techniques were proposed to design EBG 
structures for low frequency applications, in particular for working at the MRI 
operating frequency. These include the Hilbert and Peano curves inclusions of 
different orders, which increase the compactness of the wire in the same footprint 
size. Thus, the resonance is shifted down in frequency, however, with a considerable 
reduction in bandwidth. Another proposed miniaturization technique is based on 
magneto-dielectric substrate of permeability µr > 1 has efficient results on decreasing 
the resonant frequency and increasing the bandwidth. Due to the dependency of this 
method on substrates including an amount of ferrites, more measurements and 
investigations have to be taken to check its possibility to be used safely for ultra-high 
field MRI. 
In this chapter, a multilayer four-leaf-clover-shaped EBG structure with a 
miniaturized electrical cell size of 7% of λ300MHz has been utilized. The analyzed EBG 
structure satisfied the AMC reflection coefficient property at the MRI operating 
frequency. The MRI RF dipole coil frequency was also located within the useful stop 
band gap through which the surface waves cease to propagate. The more the number 
of cells, the wider the stop band gap was. The MRI dipole coil backed by the 
proposed EBG structure exhibited stronger (by 57%) magnetic over electric field ratio 
than the original design using a conventional metallic ground plane for the coil. The 
longitudinal RF field of view (FOV) has been extended when the strip-line coil length 
was increased from 25 cm to 35 cm. 
Different Tuning techniques were proposed to adjust the resonance of the EBG 
structure to the MRI resonant frequency, 300 MHz. A simple and economical 
mechanical adjustable air-gap layer with conducting pins was introduced. This 
technique is based on the effect of increasing the air gap thickness hair-gap on 
decreasing the effective permittivity ɛeff and the capacitance C and on increasing the 
inductance L. Both changes of C and L exhibit opposite effects on the resonant 
frequency, and the dominant effect determines the value of ω0. Coaxial cables 
proposed for tuning are connected to the vias to elongate the path through which the 
currents pass, and hence shift the resonance down in frequency. Dual resonant 
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behavior is observed with upper and lower resonant frequencies decreasing with the 
increase in the length of the cable. It is observed that the lower resonant frequencies 
are much below the MRI operating frequency and hence useful for miniaturization 
whiles the upper resonant frequencies are closer to the MR system frequency and 
hence useful for tuning. 
 
 
 
 
Chapter 6 
  
Soft Surfaces 
 
The surface wave and the anti-phase currents in the metallic conductor ground plane 
placed underneath the meander dipole transmit coil element for high field MRI, 
represent the main reasons for the reduction in RF magnetic flux density B1 above 
these coils (inside the phantom). The objective of this part of the thesis is to replace 
this metallic reflector with a special kind of anisotropic surface impedance, soft 
surface [66], with the aim of increasing the magnetic field.  
In this chapter, a novel multilayer offset stacked polarization dependent EBG 
structure is proposed to work as a soft surface. The proposed structure is designed to 
exhibit very high surface impedance in the longitudinal direction, to behave like a 
perfect magnetic conductor (PMC) with tangential magnetic field near to zero in the 
transverse direction. The structure is also designed to exhibit very low surface 
impedance in the transversal direction, to approach the perfect electric conductor 
(PEC) ground plane behaviour with tangential electric field near to zero in the same 
direction. Thereby, the magnetic flux density inside the patient’s body is increased 
while the electric field and the specific energy absorption rate (SAR) are reduced. The 
increase in the magnetic field will further increase the signal-to-noise ratio and hence 
the contrast between the different tissues of the body and improve the resolution and 
quality of the scanned images by MRI machines.  
These kinds of anisotropic surface impedances of the EBG structures may be designed 
to either stop the propagation of waves or to support a quasi-transverse 
electromagnetic TEM wave to propagate along the surface [66]. The former is called a 
soft surface, whereas the latter is a hard surface. 
 
6.1  Definition of Soft and Hard Surfaces 
 
The names soft and hard surfaces were chosen by the analogy of acoustic soft and 
hard surfaces [67] (soft and hard to touch). In electromagnetics, a soft surface is a 
surface along which the power density flux (Poynting vector) is zero for any 
polarization. This means that no electromagnetic wave of any kind (including space 
waves and surface waves) will propagate along a soft surface. An electromagnetically 
hard surface is a surface along which only a TEM wave can propagate. The power 
density flux has a maximum value at the hard surface. 
92 
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The soft surface behaves like a perfect electric conductor (PEC) for TE polarization 
and as a perfect magnetic conductor (PMC) for the TM polarization; and vice-versa 
for the hard surface. 
The soft and hard surfaces can be uniquely defined in terms of their anisotropic 
surface impedances, namely the longitudinal Zsl and the transversal Zst surface 
impedances, and as follows: 
 
t
l
sl H
EZ =  (6.1) 
 
l
t
st H
EZ =  (6.2) 
where Hl and Ht are the longitudinal and transversal magnetic field on the surface 
respectively, El and Et are the corresponding components of the electric field. 
The incident and scattered fields with respect to periodic structures are analyzed in the 
next section to derive a formula for the impedance and the reflection coefficient of 
these surfaces. 
    
6.2    Impedance and Reflection Coefficient of Periodic Ground Planes 
 
6.2.1 Incident and Scattered Fields in Terms of Floquet Harmonics 
 
Let us have a periodic structure with periodicity a and b in the x and y directions 
respectively, and as shown in Fig. 6.1. The plane wave incident on the periodic 
ground plane with angle of incidence 𝜃𝑖 , wavenumbers 𝑘𝑥,𝑘𝑦,𝑘𝑧 , free space 
wavenumber 𝑘0, and for the time convention 𝑒𝑗𝜔𝑡 can be written as follows [68]:  
 ( ) zjkyjkxjkiziTEiTMi zyx eezEtElEE +++= ˆˆˆ

 (6.3) 
 ( ) zjkyjkxjkiziTMiTEi zyx eezHtHlHH +++= ˆˆˆ

 
(6.4) 
Here, 𝑙 and ?̂?  represent the longitudinal and transversal unit vectors in the x-y plane, 
and the summation of the TMz and TEz fields represent the tangential field 
components in the x-y plane. For the TMz incident wave, the magnetic field is along 
the transverse direction while the electric field has longitudinal and z components. For 
the TEz wave, the magnetic field has longitudinal and z components while only the 
electric field is along the transverse direction. 
The total tangential field in the free space above the periodic ground plane can be 
represented as the sum of incident and reflected waves, and can be found from the 
Floquet theorem as follows [21]: 
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Figure 6.1:  
 
An electromagnetic wave incident on a periodic ground plane. The 
incident angle 𝜃𝑖, longitudinal direction 𝑙, and transverse direction 
?̂? are labeled in the figure. 
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The tangential components are expanded into a series of Floquet space harmonics. For 
the zero harmonic, it includes both the incident and reflected components: 
 ( ) ( )teEeEleEeEE zjkTEzjkiTEzjkTMzjkiTM zzzz ˆˆ 0,00,00,0tan −− +++=

 (6.8) 
 ( ) ( )teHeHleHeHH zjkTMzjkiTMzjkTEzjkiTE zzzz ˆˆ 0,00,00,0tan −− +++=

 (6.9) 
The formulation for the surface impedance and reflection coefficient of soft and hard 
surfaces as well as the PEC and PMC ground planes based on the aforementioned 
equations are described below.   
  
6.2.2 Formulation the Surface Impedance and Reflection Coefficient of Periodic 
Surfaces 
 
The TE and TM surface impedance can be defined as the ratio of the tangential 
electric field over the tangential magnetic field right on the surface, and can be 
derived for these ground planes from (6.8) and (6.9). For the zero harmonic (n = m = 
0) and when the orthogonal polarization components of the TM or TE incidence fields 
are set to zero, the surface impedances are represented as follows: 
a 
b 
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From the zero harmonic, the reflection coefficient for the surface in the TE and TM 
polarizations can be expressed as follows: 
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Based on the surface impedance and wave impedance, the reflection coefficient can 
also be formulated as follows: 
 wave
TMTM
wave
TMTM
TM ZZ
ZZ
+
−
−=Γ  (6.14) 
 wave
TETE
wave
TETE
TE ZZ
ZZ
+
−
−=Γ  (6.15) 
Here, waveTMZ  and 
wave
TEZ are the wave impedances for the TE and TM waves, and can be 
expressed as follows [21]: 
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For a soft surface, the poynting vector should be zero in the longitudinal direction, 
and this is achieved only if both the tangential magnetic and electric field components 
at the surface in the transversal direction are zero. Thus, (6.1) and (6.2) can be derived 
from (6.8) and (6.9) for TM and TE polarizations to end up with longitudinal surface 
impedance  𝑍𝑠𝑙 = ∞ , and transversal surface impedance 𝑍𝑠𝑡 = 0. 
For a hard surface, only a TEM wave can propagate along the surface, and the surface 
exhibits this property only if the longitudinal magnetic and electric fields are zero, i.e 
𝑍𝑠𝑙 = 0 and 𝑍𝑠𝑡 = ∞. 
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6.2.3 Reflection Coefficient and Surface Impedance of Soft, Hard, PEC, and 
PMC Ground Planes 
 
A soft surface can be obtained for TM and TE waves when high TM surface 
impedance and low TE surface impedance are achieved. From (6.14) and (6.15), it is 
clear that a reflection coefficient of -1 gives the zero field on the surface in the 
?̂? direction as needed for the soft operation. In contrary, hard effect for TM and TE 
waves is obtained when zero magnetic and electric field in the longitudinal 𝑙 direction 
are satisfied. The last condition can be achieved with low TM surface impedance and 
high TE surface impedance, and results in a reflection coefficient of 1.  
Table 6.1 shows that a soft surface has soft effect for TE and TM polarization, while a 
hard surface has a hard effect for both polarizations. In contrast, a PEC surface has 
zero surface impedance for both TE and TM polarizations. Thus, it acts soft for TE 
waves and hard for TM waves. A PMC has infinite surface impedances for both 
polarizations; therefore it has a hard effect for TE waves and soft effect for TM 
waves. 
The soft and hard surfaces are defined in terms of their surface impedances and 
reflection coefficients, as shown in Table 6.1. 
 
Table 6.1: Reflection coefficient and surface impedance for soft, hard, PEC, and 
PMC surfaces. 
 
                               TM                                       TE 
PEC  ΓTM = 1  𝑍TM = 0  𝛤𝑇E = −1  𝑍TE = 0  
PMC 𝛤𝑇𝑀 = −1  𝑍TM = ∞  𝛤𝑇E = 1  𝑍TE = ∞  
Soft surface 𝛤𝑇𝑀 = −1  𝑍TM = ∞  𝛤𝑇E = −1  𝑍TE = 0  
Hard surface 𝛤𝑇𝑀 = 1  𝑍TM = 0  𝛤𝑇E = 1  𝑍TE = ∞  
 
6.3 Corrugated Soft and Hard Surfaces 
 
A corrugated metal surface can be a soft surface for wave propagation in the 
longitudinal direction and be a hard surface for wave propagation in the transverse 
direction.  
A soft surface can be realized by corrugating a perfect electric conductor with 
transverse rectangular grooves [66], as shown in Fig. 6.2. The grooves are regarded as 
parallel plate transmission lines shorted at the bottom. When these slots are one 
quarter-wavelength deep, the short circuits are transformed by the length of the slots 
into open circuits at the aperture of the corrugations. Thus, very high surface 
impedance is exhibited at the top surface. 
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Figure 6.2: Realization of soft surface by metallic transversal corrugation  
grooves. 
 
nˆ
tˆ
lˆ
0=tE
0=tH

TEM
 wa
ves
 pro
pag
ate
in t
his 
dire
ctio
n
Lon
gitu
din
al C
orru
gati
ons
 
 
 
Figure 6.3: Realization of hard surface by metallic longitudinal corrugation 
grooves. 
 
This structure provides high impedance for electric fields polarized perpendicular to 
the grooves, thus the transversal component of the magnetic field is supressed. 
The ideal conducting walls at the top faces of the corrugated surface provide low 
impedance for parallel electric fields, thus the tangential component of the electric 
field is zero. Therefore, the metallic transversal corrugated surface in Fig. 6.2 exhibits 
infinite surface impedance in the longitudinal direction and zero surface impedance in 
the transversal direction. These impedances make the transversal components of the 
magnetic and electric field to vanish. Therefore, the surface works ideally as a soft 
(Stop operation) with zero density of power flow in the longitudinal direction 
(assumed here as the direction of propagation). The more the number of corrugations 
per wavelength, the clearer the surface appears artificially soft.      
Similarly, the hard surfaces can be realized by using corrugation grooves in the 
longitudinal direction (direction of propagation) as shown in Fig. 6.3. In hard surfaces 
only a TEM wave can propagate, and maximum density of power flow is in the 
longitudinal direction.  
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Figure 6.4: Realization of soft and hard surfaces by a strip-loaded grounded 
dielectric slab. 
 
The hard operation property is achieved when the longitudinal magnetic and electric 
field components are zero. This is satisfied due to the infinite surface impedance in 
the transverse direction and zero surface impedance in the longitudinal direction. 
Soft and hard surfaces can also be realized by filling the grooves of the corrugations 
with a dielectric or by using a strip-loaded coating technique [69], as seen in Fig. 6.4. 
A broad-band soft surface can theoretically be realized with alternate series of perfect 
electric and perfect magnetic transverse strips. The tangential components of the 
magnetic field vanish at the surface of a PMC, and the tangential components of the 
electric field are zero at the surface of a PEC. 
The properties of soft surfaces are described in [70] with a “Stop” characteristic, 
where the surface wave propagation is suppressed. Similarly the hard operation is 
expressed as a “Go” operation because of the propagation of the TEM waves. 
In the literature, the hard surface can be used for TEM waveguides and horn antennas, 
while the soft surface can be used to reduce coupling and provide isolation between 
arbitrarily polarized antennas located on the same ground plane [70]. 
In this work, we aim to realize a soft surface as a solution for the problem of the 
limited space available in MRI magnet bores. 
 
6.4 Realization and Characterization of Some Proposed Soft and 
Hard Surfaces  
 
In this section, some practical realizations for soft and hard surfaces are proposed for 
low frequency applications. The structures are mainly based on the gangbuster dipoles 
and slots frequency selective surfaces (FSSs) on grounded slabs.  
The gangbuster FSS was first introduced as anisotropic surface in [17]. Gangbuster 
dipoles are proposed to realize metamaterial in [71] and to exhibit the behavior of an 
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artificial magnetic conductor for a certain polarization in [72]. The soft and hard 
properties of gangbuster dipoles and slots based on the direction of propagation 
relative to the orientation of the FSS surfaces are reported in [73]. 
The objective here is to design gangbuster dipoles and slots FSS for low frequency 
applications, especially with a miniaturized size. The properties of these FSSs and 
their possibilities to be used as artificial soft and hard surfaces and their stability 
against different angle of incidences are investigated.  
 
6.4.1 Gangbuster Dipole FSS on a Grounded Slab 
 
The unit cell geometry and dimensions of a gangbuster dipole FSS on a grounded slab 
is constituted and proposed as shown in Fig. 6.5. The length of each arm of the 
dipoles is 40 mm, the width is 6 mm and the thickness of the dipole is 0.035 mm. The 
gap between the two arms of each diploe is 1 mm, and the transversal distance 
between any two neighbor dipoles is 4 mm. The lower metallic sheet of the proposed 
soft surface consists of solid patches each of 22 mm x 72 mm. Two Arlon A1000 
substrates are assumed; each with 3.2 mm of thickness and dielectric constant of 10.9, 
and the unit cell dimension is 32 mm x 82 mm. 
 
 
 
 
 
 
 
 
 
                  (a) Perspective view                                     (b) Top view 
 
Figure 6.5: The unit cell of the proposed gangbuster dipole FSS (a) Perspective 
view, (b) Top view.  
 
The FEM simulator HFSS is used to analyze the scattering properties of the proposed 
FSS.  Since the gangbuster FSS depends on the direction of propagation relative to the 
orientation of the dipoles (or slots), it is assumed first that the direction of propagation 
is along the dipoles and the interaction of the structure for the TE and TM polarization 
is investigated. 
For TM polarization, the wave possesses the E-field along the dipoles and strongly 
interacts with the structure. A resonant circuit is formed from the parallel combination 
of the ground plane inductor with the series inductor and coupling capacitor of the 
dipoles.  
6 mm 
82 mm 
32 mm 
Dipole 
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Figure 6.6: The reflection phase versus the incidence angle theta and at different 
frequencies for a soft gangbuster dipole FSS.  
 
 
 
Figure 6.7: The reflection phase versus the incidence angle theta and at different 
frequencies for a hard gangbuster dipole FSS.  
 
For TM polarization the behavior of the proposed dipole FSS is the same as a PMC 
with very high surface impedance in the longitudinal direction, and this is true for a 
wide range of the incidence angles as can be concluded from the reflection 
coefficients shown in Fig.6.6.  
This PMC behavior appears clearly around the resonant frequency (519 MHz) and 
with a frequency range (505 MHz - 533 MHz) over oblique incidence corresponding 
to the useful in-phase (±90o) reflection coefficient. For TE polarization, the thin 
dipoles are orthogonal to the E-field, and do not interact well with the FSS. Thus, the 
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behavior is the same as that of a PEC, and the phase of the reflection coefficients 
remains near to 180o, as shown in Fig. 6.6.  
For a plane wave incident in a direction orthogonal to the dipoles, the structure works 
as a hard surface and exhibits very high surface impedance for TE polarization across 
a wide range of incidence angles as shown in the solid lines of Fig. 6.7. For TM 
polarized plane waves the interaction with the dipoles is weak and the hard surface 
exhibits very low surface impedance and behaves like a PEC.  
 
6.4.2 Gangbuster Slot FSS on a Grounded Slab 
 
The proposed slot-type gangbuster FSS unit cell is shown in Fig. 6.8. The same unit 
cell dimensions of the dipole-type gangbuster FSS is used, but the dipoles are 
replaced with slots in a metallic sheet covering the top surface of the proposed 
structure. The performance of these surfaces is opposite to the gangbuster dipole FSS.  
 
  
 
 
 
 
 
 
 
For a TE-polarized wave propagating along the slots, the TE wave possesses an 
electric field transverse to the slots direction and interacts with the surface and 
exhibits high surface impedance. This can be concluded from the solid lines in       
Fig. 6.9. Thus, the structure works as a hard surface and has the same behaviour as the 
PMC over a short range of incidence angles. For TM polarization, the structure 
realizes the PEC with low longitudinal surface impedance, and the phase of the 
reflection coefficients remains fix at 180o as shown in Fig. 6.9. 
In contrary, for plane wave propagation orthogonal to the direction of the slots, the 
structure behaves as a soft surface with high TM surface impedance and low TE 
surface impedance. The solid lines in Fig. 6.10 represent the phase of the reflection 
coefficient for the TM polarization wave at different angles of incidence. These 
indicate that the structure exhibits high surface impedance and has the same behaviour 
as the PMC ground plane for a short range of oblique incidence (≤ ±25o).  
Figure 6.8: The unit cell of the proposed gangbuster slot FSS (a) Perspective view, 
(b) Top view.  
(a) Prospective view                   (b) Top view 
6 mm 
82 mm 
32 mm 
Slot Slot 
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Figure 6.9: The reflection phase of a hard slot-type gangbuster surface for oblique 
incidence and with respect to different polarizations. Direction of 
propagation is along the slots. 
 
 
 
The proposed slot-type gangbuster FSS resonates at 1095 MHz, which is beyond the 
scope of the MRI frequency. Thus, the slots must be longer to shift the resonance 
down in frequency. Furthermore, the useful high impedance surface property 
exhibited only over a short range of incidence angles.  
For MRI applications, soft surfaces based on the dipole-type gangbuster FSS would 
be preferred over the slot FSS design. The dipole-type FSS provides a useful 
-100 -80 -60 -40 -20 0 20 40 60 80 100
-200
-150
-100
-50
0
50
100
150
200
Angle of Incidence, Theta
R
ef
le
ct
io
n 
ph
as
e 
(d
eg
re
es
)
 
 
TE 1091.5 MHz
TE 1095 MHz
TE 1098.5 MHz
TM 1091.5 MHz
TM 1095 MHz 
TM 1098.5 MHz
-100 80 60 40 20 0 20 40 60 80 100
-100
-50
0
50
100
150
200
Angle of incidence, theta
R
ef
le
ct
io
n 
ph
as
e 
(d
eg
re
es
)
 
 
TM 1091.5MHz
TM 1095MHz
TM 1098.5MHz
TE 1091.5MHz
TE 1095MHz
TE 1098.5MHz
Figure 6.10: The reflection phase of a soft slot-type gangbuster surface for oblique 
incidence and with respect to different polarizations. Direction of 
propagation is orthogonal to the slots. 
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reflection phase property over a wide range of incidence angles and wide range of 
frequencies, and hence has higher bandwidth. Furthermore, the TM surface 
impedance of the dipole FSS is greater which implies lower resonances within the 
same size. 
 
6.5 Application to MRI: The Proposed Soft Surface EBG 
 
6.5.1 Materials and Methods 
 
In this chapter, a novel multilayer offset stacked polarization dependent EBG 
structure was designed with considerably reduced dimensions and fabricated to work 
as a soft surface ground plane for the meander dipole RF coil. Our proposed structure 
[74] possesses the unique properties of the EBG structures, i.e. gap characteristics, in-
phase reflection coefficient and the stop band gap. The proposed structure consists of 
two arrays of metal patches diagonally offset from each other. The top layer consists 
of 4×3 patches each of 8% of λ300MHz in length and 3% of λ300MHz in width. These 
patches are connected to the metal backed dielectric substrate by vertical vias. The 
lower layer consists of solid patches and is floating.  
  
 
 
 
 
 
 
 
 
 
 
 
The HFSS full wave simulator and the EMPIRE XCcel simulator are used to analyze 
and characterize the EBG structure. The geometry of the PEC and the proposed soft 
surface together with a resonant meander dipole printed on FR4 substrate (εr = 4.4, 
tan(δ) = 0.02) with dimensions 100 mm × 250 mm × 0.5 mm are shown in Fig. 6.11. 
The physical dimensions of the proposed soft surface EBG unit cell are shown in Fig. 
6.12 and described as follows: 
Fig. 6.11: (a) Meander dipole backed by a PEC, (b) Meander dipole backed by 4x3 
cells of the proposed EBG ground plane. Later each row of transverse 
patches was connected together.  
(a) (b) 
z 
y 
x 
(a) (b) 
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L1 = 0.08 λ300MHz, W1 = 0.03 λ300MHz, L2 = 0.072 λ300MHz, W2 = 0.022 λ300MHz ,     
g = 0.002 λ300MHz, t1 = t2 = 0.0032 λ300MHz, r = 0.0025 λ300MHz, and ɛr = 10.9. 
(6.18) 
Here, λ300MHz is the free-space wavelength at 300 MHz, which is used as a reference 
length. L1 is the upper patch length, W1 is the upper patch width, L2 is the lower patch 
length, W2 is the lower patch width, g is the gap width, and t1 and t2 are the thicknesses 
of two Arlon AR-1000 substrates, with a relative dielectric constant of 10.9. The 
spacing between the two layers of patches was chosen to be 0.0032 λ300MHz due to the 
availability of laminates of 3.2 mm thickness. The two substrates are bonded together 
using a tape of 0.2 mm thickness and relative permittivity of 4.4.  
The linear length of the meander dipole is λ300MHz/4. A 305 mm x 154 mm x 100 mm 
homogeneous phantom (εr = 40, σ = 0.8 S/m) is placed 2 cm above the coil to emulate 
the human body at the MRI frequency of 300 MHz. Two end capacitors are used at 
the end of the meanders to shift the resonance down in frequency to 300 MHz. The 
entire height of the coil and the PEC or soft surface is kept constant to 3.4 cm. 
 
6.5.2 TE and TM Reflection Phase for the Proposed Soft Surface  
 
Fig. 6.13 shows the reflection coefficient phase of the proposed EBG structure when 
it works as a soft surface. For TM polarized waves illuminating the EBG surface, the 
E-field interacts strongly with the patches in the longitudinal direction. Thus, the 
surface exhibits high surface impedance and behaves like an artificial magnetic 
conductor (AMC). The longitudinal dimension of the patches is designed with the 
other parts of the structure to exhibit high longitudinal surface impedance with near 
zero tangential magnetic field. The solid lines in Fig. 6.13 show the insensitivity of 
the corresponding reflection coefficient phase for a wide range of oblique incidence of 
TM polarized fields, and for frequencies around the MRI resonant frequency f0 ± 1% 
of variation. In contrary, for TE polarized waves the E-field is orthogonal to the 
patches, i.e. in the transverse direction, and the soft surface exhibits low transverse 
surface impedance with near zero tangential electric field. Thus, the structure behaves 
like a PEC ground plane. 
Figure 6.12: The proposed unit cell of the soft surface (a) Top view, (b) Side view. 
(a) (b) 
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Figure 6.13: Reflection phase of the proposed soft surface with TM- and TE- 
polarized plane wave at oblique incidence, and at different 
frequencies. 
 
As can be seen from the solid lines of Fig. 6.13, the phase of the reflection coefficient 
of the proposed soft surface oscillates for the TM case around 0o with ±50o over a 
wide range of oblique incidence and for a range of operating frequencies. This less 
angle dependence behavior of the proposed soft surface ensures that the MRI 
operating frequency is always located inside the useful in-phase (±90o) reflection 
coefficient, where the fields are reflected in-phase. For TE polarization, the phase of 
the reflection coefficient remains at 180o , as shown by the dotted lines in Fig. 6.13. 
 
6.5.3 Measurement and Simulation Results 
 
In this part, the properties of two fabricated soft surfaces are investigated by 
measurements. Then, numerical results are presented to investigate the magnetic and 
electric field strengths of the meander dipole when it is backed by a soft surface or a 
metallic ground plane of the same size. 
Two soft surfaces were designed and fabricated as shown in Fig. 6.14. The larger 
structure has an overall size of 12.8 cm x 25 cm, and was designed initially with 4 x 3 
unit cells of same dimensions as shown in (6.18). Our theoretical investigations 
proved that when the patches in each row are connected together to create one broad 
patch, this surface exhibits clearly the PEC ground plane behaviour in the transverse 
direction while keeping its PMC ground plane behaviour in the longitudinal direction. 
Thus, the proposed soft surface is fabricated so that it has 1x3 unit cells with 4x3 vias, 
as shown in Fig. 6.14a. The number and positions of vias are the same as in the 
previous design in Fig. 6.11b. 
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Figure 6.14: The fabricated soft surfaces (a) 12.8 cm x 25 cm, (b) 8.2 cm x 25 cm  
 
The second EBG structure was fabricated to work as a soft surface with smaller 
overall size of  8.2 cm x 25 cm, as shown in Fig. 6.14b. The structure was designed 
initially with 2 x 3 unit cells of same dimensions as shown in (6.18) but with vias 
diameter of 5 mm. 
The stop band property of the two surfaces is measured by using the suspended 
microstrip line method, as shown in Fig. 6.15.  The dimensions of the microstrip line 
and its configuration in the measurement setup are described in chapter 4. 
The measurements of the insertion loss of the microstrip test cell loaded with the 
fabricated soft surfaces were performed. It is interesting to see an excellent agreement 
between FDTD simulation results and the measurement results, as shown in Fig. 6.16.   
 
 
 
Figure 6.15: Experimental setup of the microstrip line test cell loaded by a finite soft 
surface. 
 
(a) (b)  
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Figure 6.16: Simulated and measured transmission (S2,1) coefficient of the proposed 
12.8 cm x 25 cm soft surface.  
 
 
Figure 6.17: Measured transmission (S2,1) coefficient of the two soft surfaces.  
 
The measured transmission coefficients show that the 12.8 cm x 25 cm structure 
exhibits a clear stop band gap centered at 297.6 MHz with deep S2,1 minimum of         
-21 dB. In contrast, the 8.2 cm x 25 cm soft surface exhibits a stop band gap at    
296.5 MHz with a measured transmission coefficient minimum of -17 dB, as shown 
in Fig. 6.17. Thus, the two fabricated soft surfaces provide the surface wave 
suppression band gap property.  
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Figure 6.18: Normalized magnetic field strength |H| [A/m/√W] 4 cm inside the 
phantom. 
One of the advantages of the fabricated soft surfaces over the previous proposed 
designs is that they provide the unique properties of EBG structures with miniaturized 
dimensions. Thereby, it is possible to use the proposed soft surfaces as ground planes 
for closely spaced multi-channel MRI RF coils.  
With respect to the dominant problem of SAR in high-field MRI, the performance of 
the original coil configuration based on a meander dipole over a PEC ground plane is 
compared to the performance of the design using the soft surface as a ground plane. 
The comparison is done by simulating the distribution of magnetic and electric field   
4 cm inside a homogeneous phantom. To compare in a fair manner, the same phantom 
and ground plane sizes are used, and their separation distance from the coil is kept 
constant, and all field values are normalized to the square root of the accepted power. 
Figure 6.18 shows the normalized absolute magnetic field distribution 4 cm inside the 
phantom plotted along the longitudinal z-axis when the meander coil is backed by the 
proposed soft surface and when it is backed by a PEC of the same size. The result 
shows an increase by 20% in the magnetic field for the dipole backed by the proposed 
soft surface. This improvement comes from the high surface impedance property in 
the longitudinal direction of the proposed soft surface, which behaves as the PMC 
ground plane with in-phase reflection coefficient and a clear stop band gap property. 
The normalized electric field distribution 4 cm inside the phantom for the dipole 
backed by the PEC and the proposed soft surface is also investigated. As can be seen 
from Fig. 6.19 the coil shows a reduction by 20% in the electric field when it is 
backed by the soft surface compared to the case when it is backed by the PEC ground 
plane. 
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Figure 6.19: Normalized electric field strength |E| [A/m/√W] 4 cm inside the 
phantom. 
  
 
 
Figure 6.20: The ratio of |𝐻| �𝑆𝐴𝑅𝑚𝑎𝑥⁄  at 4 cm inside the phantom.  
 
This reduction in the electric field is due to the unique properties of the proposed soft 
surface which exhibits the PEC reflection phase property for the TE polarization (this 
field orientation appears only at, and below the meander of the dipole) and prevents 
the structure from maximizing the E-field as in the symmetrical EBG structures. 
In Fig. 6.20, the meander dipole coil backed by the proposed soft surface exhibits a 
stronger |𝐻| �𝑆𝐴𝑅𝑚𝑎𝑥⁄  ratio as compared to the case when the coil is printed over a 
PEC of the same size. In MRI application this ratio is important as a measure of 
performance of the coil. In this work, 37% improvement in this ratio is established.  
0 61 122 152.5 183 244 305
0
5
10
15
20
25
Longitudinal direction [mm]
N
or
m
al
iz
ed
 | 
E
 | 
[V
/m
/s
qr
t(P
ac
c)
]
 
 
Soft Surface
PEC
0 61 122 152.5 183 244 305
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
Longitudinal distance [mm]
|H
|/s
qr
t(S
A
R
m
ax
)
 
 
Soft Surface
PEC
 
 
  
                                                               6.6 Conclusion     110 
 
 
 
Figure 6.21: The ratio of |H|/|E| at 4 cm inside the phantom.  
 
The improvement in the ratio shown in Fig. 6.20 comes from the increase in H-field 
values and the reduction in the E-field values, which reduces the SAR. 
Another criterion for the performance of the coil is the |H|/|E| field ratio. In Fig. 6.21, 
the meander dipole backed by the proposed EBG structure exhibits a stronger |H|/|E| 
field ratio than the original design when the dipole is backed by a PEC of the same 
size. The maximum quantitative improvement in this ratio amounts to 51%. 
It is worth mentioning that the reduction in the E-field will reduce the specific energy 
absorption rate (SAR) when the meander dipole is backed by the proposed soft 
surface compared to the PECs and symmetrical EBG ground planes. This will be 
explained in the next chapter. 
 
6.6 Conclusion: 
 
In this chapter, a novel multilayer polarization dependent PD-EBG structure is 
designed and fabricated to work as a soft surface. For a TM polarized field, the 
proposed surface exhibits high surface impedance in the longitudinal direction with 
tangential magnetic field near to zero; thereby the surface behaves like a PMC ground 
plane. In contrary, for TE polarized fields, the proposed soft surface exhibits low 
surface impedance in the transversal direction with tangential electric field near to 
zero and behaves the same as the PEC ground planes. 
Two soft surfaces are fabricated with finite miniaturized dimensions of 12.8 cm x          
25 cm and 8 cm x 25 cm. The surface wave suppression band gap property of the 
fabricated soft surfaces is measured in our lab using the suspended microstrip line 
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technique. The 12.8 cm x 25 cm soft surface exhibits a clear stop band gap at          
297.6 MHz with deep transmission coefficient minimum of -21 dB.  It is seen that 
also the 8.2 cm x 25 cm soft surface exhibits a stop band gap centred at 296.5 MHz 
with a measured transmission (S2,1) coefficient minimum of -17 dB. 
The performance of the coil based on a meander dipole over the 12.8 cm x 25 cm soft 
surface is compared in a fair manner to the performance of the design using the 
metallic ground plane by simulating the distribution of magnetic and electric field      
4 cm inside a homogeneous phantom. The FDTD results show the advantage of the 
proposed soft surface as it increases the magnetic field intensity (by 20%) inside the 
phantom while reduces the electric field (by 20%). Two ratios are used as a measure 
for the coil performance, namely, the H-field over the maximum SAR in one plane, 
and H-field over E-field ratio. The improvement in |𝐻| �𝑆𝐴𝑅𝑚𝑎𝑥⁄  reaches to 37%, 
and the maximum quantitative improvement in |H|/|E| field ratio amounts to 51%. It is 
observed that the reduction in the E-field may help to maintain the specific energy 
absorption rate SAR within the acceptable values in MRI operation. 
 
 
 
Chapter 7 
 
RF Safety and SAR  
 
In this chapter the Specific Absorption Rate (SAR) values inside the phantom in the 
case when a coil is backed by a PEC and when it is backed by an EBG structure are 
investigated and compared. Although the SAR topic is beyond the scope of this work 
two novel techniques have been introduced as solutions to reduce the SAR values 
inside the load for MRI applications. These include the method of using dielectric 
overlays over the meander coil and the method of using polarization dependent EBG 
structures, in particular soft surfaces. These techniques have been presented partially 
in our research [74, 75]. 
 
7.1 RF Safety and Guidelines 
 
RF exposure is measured as either an increase in tissue temperature or as the Specific 
Absorption Rate (SAR). The SAR is an appropriate parameter used as a measure for 
determining the rate at which electromagnetic energy is absorbed by biological tissue 
mass when exposed to a radio frequency (RF) source. 
The time varying magnetic flux induces electric fields 𝐸�⃗  which cause eddy currents of 
density 𝐽 = 𝜎𝐸�⃗  inside conductive tissue, such as the human body. This amounts to 
electric power losses P which are proportional to the B1 field and Larmor frequency ω 
squared, and can create heat in the human body. Since tissue temperatures are 
normally not accessible during MRI examinations, the RF power absorbed per 
kilogram of tissue (SAR) is used to set safety limits for MRI. The local SAR within 
the exposed tissue of density ρ can be expressed as 
 22
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22
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ρσρ
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ρρ
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(7.1) 
Where ρ is the mass density of the tissue in Kg, and σ is the electric conductivity in 
S/m. From (7.1) it is clear that doubling the magnetic field or pulse flip angle will 
quadruple the SAR, and thus SAR introduce major limitations for ultra-high field 
MRI. 
If a numerical technique is used in order to estimate the electric field, a discretized 
simulation domain is used and the averaged SAR can be computed as follows [76] 
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Here rm is the reference averaging mass and V (rm) is a volume containing rm. It is 
found that the shape of the volume containing the reference averaging mass does 
affect the FDTD calculations of SAR values. The distribution of electric field inside 
the tissues varies from point to another, and the use of different volumes could 
generate differences in the evaluated SAR. To compare in a fair manner a 
homogenous phantom of the same volume is used for all scenarios in this chapter. 
In order to protect the patient from rapid temperature rise and local tissue damage 
during an MRI examination, the SAR limits specified in the RF safety guidelines [77 - 
79], must not be exceeded. In these guidelines the specific absorption rate (SAR) 
averaged over a certain reference tissue mass, is usually one gram (1 g), or 10 g or the 
whole body mass. 
MR safety standards define limits for the whole body SAR and for the peak spatial 
average SAR (hot spots or local maxima) for various operational modes of the MR 
scanner. According to the IEC standard 60601-2-33 21 [79] for the occupational 
exposure of RF field, the SAR may not exceed 4 W/kg for body and 3.2 W/kg for 
head imaging. The spatial peak SAR averaged over any 10 g of tissue (defined as a 
tissue volume in the shape of a cube) shall not exceeding 10 W/kg for head and trunk 
and 20 W/kg for the extremities. 
It is essential that any pulse sequence must not rise the body temperature by more 
than 1o  Celsius which result from the prolonging exposure to an input SAR of 4 W/kg 
[78]. Especially for high-field MR systems and at higher frequencies, the SAR may 
depend strongly on the local tissue distribution and the localized SAR is often the 
most critical aspect concerning RF safety [80]. 
 
7.2 SAR for RF Coil Backed by a PEC and EBG Ground Planes 
 
In this section, the whole body SAR and the 10g-based local maximum SAR inside a 
homogeneous phantom are simulated and compared for the cases when the RF coil is 
backed by our proposed EBG structure in [43], as introduced in chapter 4, and a 
metallic PEC ground plane. To compare in a fair manner the same RF coil, phantom, 
and ground plane size are used. The simulations are performed with the FDTD 
simulator EMPIRE XCcel. 
A resonant meandered dipole is used as RF-transmit element coil for 7 Tesla MRI. It 
is mounted on FR4 epoxy substrate of 0.5 mm thickness and relative permittivity of 
4.4. The entire height between the coil and each of the PEC and EBG ground planes is 
kept fixed.  
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Figure 7.2: FDTD results of the maximum local 10g-based SAR and the whole 
body average SAR for 1 W accepted power by inside a phantom when 
the coil is backed by a PEC and an EBG ground planes. 
 
A homogeneous phantom (length = 305 mm, width = 154 mm, height = 100 mm, ɛr = 
40, and σ = 0.8 S/m) is positioned 2 cm above the coil. Offset layers stacked EBG 
structure [43] is used, with the dimensions shown in (4.3).  
The whole body average SAR and the spacial peak SAR averaged over 10 g of tissue 
inside a phantom when the dipole coil is backed by the proposed EBG structure or the 
PEC ground plane has been investigated and shown in Fig. 7.2. All SAR values have 
been normalized to a power of 1 W accepted by the coil.  
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Figure 7.1: (a) Offset layers stacked EBG design (b) Metallic PEC ground plane. A 
dipole coil sits above the PEC and EBG ground planes in a height of 2 
cm, and a homogeneous phantom sits above the coil in a height of 2 cm. 
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As can be seen from Fig. 7.2 when the coil is backed by the proposed EBG structure, 
the normalized 10g-based local maxima SAR was 3.334 mW/g, while this value 
reached to 1.518 mW/g in the case when the coil was backed by the PEC ground 
plane. The peak localized 10g-based SAR is found at the bottom surface of the 
phantom. 
The difference in these SAR values is mainly due to the in-phase reflection and 
surface waves suppression properties exhibited by the EBG structure versus the PEC 
ground plane which increases both the electric field as well as the magnetic field. 
According to the aforementioned SAR guidelines, the SAR values for both the PEC 
and EBG ground planes in this example are still below the SAR restrictions [6]. The 
percentage of increase in the √SAR for the EBG structure case to the √SAR for the 
metallic ground plane case was about 48% and this corresponds to the percentage of 
improvement in the B1 efficiency, as described in chapter 4. 
 
7.3 SAR Reduction Techniques 
 
In this section, two effective approaches based on dielectric overlay and polarization 
dependent EBG structure are proposed to reduce the specific absorption rate (SAR) 
values of the meander dipole RF coil for 7 Tesla MRI. 
 
7.3.1 The Reduction of SAR Using Dielectric Overlay 
 
In this approach, the meander dipole coil is used with two dielectric substrates 
mounted on top of the folded arms of the coil to reduce the electric field as well as the 
SAR value which is a limiting factor for increasing the performance of 7 Tesla MRI 
RF coils. This work has been repeated with different permittivities. 
 
Materials and Methods 
 
First, the initial meander dipole RF coil geometry, described in chapter 2, has been 
utilized with a quarter wavelength element printed on FR4 substrate ( rε  = 4.4, )tan(δ  
= 0.02) of 0.5 mm thickness, and separated by 20 mm of air from a metallic ground 
plane. The dimensions of this printed circuit board (PCB) are 250 mm in length and 
100 mm in width. The effect of loading is considered by using a homogeneous 
phantom 20 mm above the coil, with a dimension of 305 mm x 154 mm x 100 mm. Its 
material properties (permittivity of 40 and 0.8 S/m conductivity) are used to model the 
human body when it is exposed to electromagnetic fields at 300 MHz. For the two 
proposed approaches, two capacitors are connected from the end of the meander arms 
to the ground plane to tune the resonant frequency to 300 MHz and through which 
current flows into the ground plane (hence we have a loop).  
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After examining the structure without the overlay, the results are compared to the 
scenario when two RO3010 (Rogers Corp. USA) are used. These dielectric substrates 
each of 1.28 mm thickness have been mounted on top of the folded parts of the dipole 
coil, as shown in Fig. 7.3, to reduce the SAR with an acceptable reduction in the B1 
field. This scenario is repeated using the same substrates with various dielectric 
constants and without changing the mesh of the structure. 
 
Original Design without Dielectric Overlay 
 
In this part, two end capacitors are adjusted to 0.9 pF to tune the RF coil resonant 
frequency to the 7 Tesla MRI operating frequency of 300 MHz. The numerical 
evaluations are carried out with the FDTD software EMPIRE XCcel.  
To compare in a fair manner, the same phantom size is used in the whole work of this 
section, and since the matching network has been removed from this simulation this 
effect has been compensated by normalization: The magnetic and electric field values 
are normalized to the square root of the accepted power and the SAR values were 
normalized to the accepted power. 
The maximum normalized magnetic and electric field at the bottom surface of the 
phantom were 1.528 A/m/√W and 70.44 V/m/√W as shown in Fig. 7.4; and the 
normalized peak 10g-based SAR value was 1.964 mW/g. The normalized magnetic 
and electric field distribution in air and at 1cm above the coil (1cm below the 
phantom) has also been investigated and is plotted as shown in Fig. 7.5. The 
normalized maximum magnetic field was 2.534 A/m/√W and the electric field is 
1.394 kV/m/√W. 
Figure 7.3: Geometry of the complete simulation design, showing the meander 
dipole coil, two dielectric overlays, capacitors, FR4 supporting 
substrate, ground plane, and a homogenious phantom above the coil. 
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Dielectric Overlay with Various Permittivities 
 
In this scenario [75], first, two Rogers RO3010 substrates of the same dimensions   
(27 mm x 100 mm x 1.28 mm) are mounted only on top of the meander arms of the 
dipole coil, as shown in Fig. 7.3. The two caps Cend values are reduced from 0.9 pF to 
0.5 pF to adjust the resonance frequency to 300 MHz as shown in the solid line of Fig. 
7.6, and then the magnetic, electric and SAR values have been recorded. It is found 
that due to the dielectric overlay and the little caps used in this scenario, the 
normalized electric field at 1cm below the phantom is reduced.  
Figure 7.4: (a) Magnetic field distribution at the bottom surface of a phantom,       
2 cm above the coil. (b) Electric field distribution at the bottom surface 
of a phantom, 2 cm above the coil.  Field values are normalized to 
�𝑃𝑎𝑐𝑐. 
Figure 7.5: (a) Magnetic field distribution in air, 1cm above the coil (1 cm below 
the phantom), (b) Electric field distribution in air, 1 cm above the coil 
(1 cm below the phantom).  Field values are normalized to �𝑃𝑎𝑐𝑐. 
(a)                                                                (b) 
(a)                                                                (b) 
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The reduction in electric field was from 1.394 kV/m/√W in the original design to 
1.286 kV/m/√W. This advantage helps us to avoid skin burn in ultra-high field MRI. 
In this work, the effect of using the same dielectric overlay with various dielectric 
constants has also been investigated, while the same structure has been maintained 
and the mesh does not change. Fig. 7.6 shows the effect of decreasing the permittivity 
of the dielectric substrates on shifting up the resonance frequency. 
To ensure that all comparisons of the different scenarios are taken in a fair manner, 
changing the permittivity of the dielectric substrates in each case was accompanied by 
tuning the end caps Cend to the optimum value which shifts the resonance frequency 
down again to the MRI operating frequency. 
Fig. 7.7 shows the longitudinal normalized magnetic and electric field distribution, 
along the centre of the strip-line axis, and at the bottom surface of a phantom, 2 cm 
above the coil. From this Figure, it is clear that the maximum values of magnetic and 
electric field in the original design (solid lines) and with overlays of different 
dielectric constants (dashed lines) are found at bottom centre of the phantom. The 
principle distribution in Fig. 7.7 does not change, only the magnitude decreases with 
increasing ɛr. 
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Figure 7.6: S1,1 parameters when substrates of various dielectric constants are 
used, and all with Cend = 0.5 pF. 
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(a) 
 
(b) 
 
Figure 7.8 shows the normalized peak 10g-based SAR inside the phantom for two 
scenarios, without and with dielectric overlays. It shows that the SAR value decreases 
with increasing the permittivity of the substrates mounted on the meander arms of the 
coil. 
The percentage of reduction in magnetic and electric field levels as well as the SAR 
values are compared and shown in Table 7.1.  
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Figure 7.7: FDTD simulation of the longitudinal field distribution at the bottom 
surface of a phantom 2 cm above the coil for the cases of without and 
with overlays of different dielectric constants. (a) Normalized 
magnetic field [A/m/√W] (b) Normalized electric field [ V/m/√W].  
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Table 7.1: Percentage of reduction in magnetic field H, electric field E, and SAR 
values as compared to the original design 
  
 
 
 
 
 
 
 
 
It is observed that SAR values are reduced when dielectric substrates of higher 
permittivity are used, and a reduction from 32 - 12 % in SAR can be achieved when 
substrates are used of relative dielectric constants ranging from 10.2 - 2. This 
approach represents an effective method for reducing the SAR values generated by 
the dipole RF coil for 7 Tesla MRI since the magnetic field reduces to a lesser extent 
at the same time. 
 
7.3.2 The Reduction of SAR Using Soft Surfaces 
 
In this part, a new technique based on the polarization dependent EBG structures, in 
particular soft surfaces, is proposed as a solution to reduce the SAR values inside the 
phantom. Our proposed soft surface was presented first in [74] and its dimensions are 
Figure 7.8: Normalized peak-localized 10g-based SAR inside a phantom without 
and with dielectric substrates of different permittivities. 
Component 
Dielectric substrates of different permittivities 
ɛr = 10.2 ɛr = 6 ɛr = 2 
H 17.54 13 5.8 
E 19 14.4 7 
SAR 32 24.44 11.5 
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shown in (6.18). The proposed structure exhibited very high surface impedance in the 
longitudinal direction and very low transversal surface impedance. The soft surface 
has been designed to behave like a perfect electric conductor (PEC) for TE 
polarization (out of phase reflection), and as a perfect magnetic conductor (PMC) for 
the TM polarization (in-phase reflection). The reflection coefficient phase property of 
the proposed structure is fully described in chapter 6. 
The proposed EBG structure consists of two arrays of metal patches diagonally offset 
from each other. The top layer was initially deigned with 4×3 of patches each of 8.2% 
of λ300MHz in length and 3.2% of λ300MHz in width, as shown previously in Fig. 6.11b. 
Each row of patches is connected together, as shown in the Fig. 7.9, so that the 
structure works better as a PEC for the TE polarization case. These patches are 
connected to the metallic ground plane of the structure by vias. The lower layer 
consists of solid patches and is floating. The FDTD simulator EMPIRE XCcel was 
used to analyse the EBG structure. A meander dipole coil is printed on FR4 substrate 
with two capacitors at the end of the meanders to shift the resonant frequency down to 
300 MHz. 
The entire height of the dipole coil and the EBG structure is to 3.4 cm, and ground 
plane size of 12.8 cm x 25 cm is used. A homogeneous phantom (εr = 40, σ = 0.8 S/m) 
with the same dimensions in the previous section is placed 2 cm above the coil in 
order to model the human body at the MRI frequency of 300MHz. The same scenario 
has been repeated for a PEC of the same size and the field values as well as the 
specific absorption rate SAR are investigated. 
 
 
 
 
 
 
 
 
The normalized total electric field 1cm inside the phantom of the RF coil when it is 
backed by a PEC and the proposed soft surface are shown in Fig. 7.10.  
Figure 7.9: Dipole coil backed by the proposed soft surface to reduce the SAR. 
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Figure 7.11: The 10g-based and 1g-based SAR 1 cm inside a homogeneous 
phantom sits 2 cm above a meander dipole coil backed by the 
proposed soft surface and a PEC ground plane of the same size. All 
SAR values have been normalized to an accepted power of 1 W. 
 
Figure 7.10 shows that the normalized total electric field for RF coil backed by a PEC 
1cm inside the phantom is 54 V/m/√W  compared to 40 V/m/√W  for the case when 
the RF coil backed by the proposed surface. This reduction is mainly due to the phase 
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Figure 7.10: The longitudinal total electric field strength 1 cm inside the phantom 
for a meander dipole coil backed by (a) Perfect electric conductor PEC, 
and (b) The proposed soft surface – EBG ground plane. Field values 
are normalized to �𝑃𝑎𝑐𝑐. 
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property of the soft surface which has been designed to reflect the fields out of phase 
for TE polarization and in-phase for the TM polarization.  
Due this reduction in the electric field inside the phantom, the peak localized specific 
absorption rate SAR values (hot spots), which is a dominant restriction for MRI of 
high field strengths, is also reduced. Figure 7.11 shows the maximum 10g-based and 
1g-based SAR values inside the phantom when the RF coil is backed by the proposed 
soft surface and a PEC ground plane of the same size. When this polarization 
dependent EBG structure is used as a ground plane for the RF coil in MRI, a 
significant reduction (by around 43%) in the local SAR is observed, as shown in Fig. 
7.11. The 10g-SAR and 1g-SAR values for the PEC and the proposed EBG ground 
planes are reduced from 2.612 W/kg to 1.478 W/kg and from 3.45 W/kg to 1.91 W/kg 
respectively. 
 
7.4 Conclusion 
 
In this chapter, two techniques are proposed to reduce the specific absorption rate 
SAR values of the meander dipole RF coil for 7 Tesla MRI. The first approach is 
based on a dielectric overlay mounted on the folded arms of the meander dipole coil. 
It is observed that SAR values are reduced when dielectric substrates of higher 
permittivity are used, and a reduction from (12 - 32) % of SAR values could be 
achieved when substrates are used with dielectric constants of 2 - 10.2.  
The second novel approach is based on polarization dependent EBG structures, here 
we use soft surfaces. These surfaces have the artificial magnetic property (with ±90o reflection phase) and reflect the fields in-phase for the TM polarization, and 
exhibit the perfect electric conductor property (around 1800 degree reflection phase) 
to reflect the fields out of phase for the TE polarization. The RF coil backed by the 
proposed EBG structure exhibits a significant reduction (by 43%) in SAR values 
compared to the case when it is backed by a conventional metallic ground plane of the 
same size. 
 
 
                                                                 
 
Chapter 8 
  
 Conclusions and Future Work 
   
EBG structures have been introduced in this thesis as ground planes placed 
underneath the RF coils for 7 Tesla MRI instead of the metallic ground planes. These 
conventional ground planes reverse the phase of reflected waves, and support 
propagation of surface waves. Thus, the RF magnetic flux density above the coil 
(inside the load) is reduced. 
First, a well-established meander dipole coil has been investigated and compared with 
other coils, and because of its high performance it was selected to be used with EBG 
structures in order to further improve the magnetic flux density inside phantoms.  
EBG structures have been designed in this thesis to exhibit unique electromagnetic 
properties, as the in-phase reflection feature which leads to reflect the field with no 
phase reversal, and causes the current on the EBG surface to appear in-phase like the 
artificial magnetic conductor behavior. Furthermore, they have been designed to 
exhibit a frequency range through which the surface waves are prevented of 
propagation, which is useful to reduce the wasted power in the antenna backward 
radiation. 
A vertically stacked multilayer EBG structure has been proposed to work at the MRI 
operating frequency of 300 MHz, with relatively small electrical dimensions 
compared to a conventional mushroom-like EBG structure. The proposed structure 
exhibited very small deviation in the resonant frequency for the angle of incidence 
varying from  0o −  70o (less than 3%).  
Further, an offset multilayer stacked EBG structure has been designed and fabricated 
and its stop band gap was numerically investigated and validated by measurements. 
The proposed structure comprised of electrically small cells of only 7.7% of the free-
space wavelength and resonated lower than the vertically stacked EBG design (by 
65%) when the same dimensions were used. The MRI meander dipole coil backed by 
the offset stacked EBG structure was successful in exhibiting a stronger B1-field 
inside a phantom than the original design using a metallic ground plane for the coil. 
The quantitative improvement in B1 efficiency amounted to 47%. 
Different techniques were proposed to design EBG structures with miniaturized 
dimensions. A multilayer EBG structure with symmetrical four-leaf clover-shaped 
patches has been designed with an electrical patch size of 6.8% of λ300MHz. The 
124 
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proposed structure allowed 60% more unit cells than the previous fabricated offset 
stacked EBG structure when the same substrate dimensions were used. The MRI 
dipole coil backed by the proposed EBG structure exhibited stronger (by 57%) 
magnetic over electric field ratio than the original design using a conventional 
metallic ground plane for the coil. The longitudinal RF field of view (FOV) was 
maximized when the dipole coil length increased from 25 cm to 35 cm. 
Finally, a novel multilayer offset stacked polarization dependent EBG structure has 
been designed and fabricated to work as a soft surface with anisotropic surface 
impedances. The stop band gap property of the proposed soft ground plane exhibited 
an excellent agreement between the simulation and the measured results. The 
performance of the meander dipole coil when it was backed by our proposed soft 
surface was compared in a fair manner to the performance of the design using the 
PEC ground plane by simulating the distribution of magnetic and electric field 4 cm 
inside a homogeneous phantom.  
The FDTD results showed the capability of the proposed soft surface to increase the 
magnetic field intensity (by 20%) inside the phantom while reducing the electric field 
(by 20%). Two ratios were used as a measure for the coil performance, namely, the 
H-field over the maximum SAR in one plane, and H-field over E-field ratio. The 
improvement in |𝐻| �𝑆𝐴𝑅𝑚𝑎𝑥⁄  reached to 37%, and the maximum quantitative 
improvement in |H|/|E| field ratio amounted to 51%. It was observed that the reduction 
in the E-field may help to maintain the specific energy absorption rate SAR within the 
acceptable values in MRI operation. 
For future work, the proposed EBG structures in this thesis may be used as ground 
planes for multi-channel RF coils, and the mutual coupling effect in the existence of 
the newly proposed ground planes can be investigated.  
Further, the tuning techniques presented in this thesis may be validated by 
measurements and extended to the multichannel problem to adjust the useful band gap 
features of the EBG structures, so that the MRI operating frequency is always located 
inside the in-phase band gap reflection coefficient and inside the stop band gap. 
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